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PREFACE 


/ T is well known that since the investigations of 
Oibbs and Boltzmann^ the principle of Carnot has 
assumed a new and unexpected significance, in 
the sense that the physico-chemical evolution of a 
system takes place towards states of greatest probability, 
equilibrium occurring when this probability is a maxi- 
mum in the analytical sense of the term. The change 
of entropy which, in the language of thermodynamics, 
characterizes this evolution, will be proportional to the 
difference between the logarithms of the probabilities 
of the initial and final states. 

Thus this new conception has introduced, with a 
particularly strong intensity, into the domain of phy- 
sical chemistry the idea of the ‘‘ statistical lawf^ with 
all the consequences which it involves from the scientific 
and philosophical point of view. 

By virtue of these ccmceptions the determinism of 
physico-chemical evolution appears, therefore, as a 
larger statistical determinism, in which the apparently 
inevitable exactness is only due to the law of large 
numbers. In fact, this determinism permits the occur- 
rence of other very rare possibilities, or fluctuations, 
particularly when the law of large numbers is no longer 
entirely satisfied. 

Por this reason, the question of absolute determin- 
ism is transferred into the domain of the individual 


IX 
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actions between molecules, atoms, or electrons, which 
still evade our direct experimental investigations almost 
completely. 

This seems to be a philosophical consequence of 
considerable importance. 

Hi ^ 

Three papers which deal with this problem and 
which have appeared during recent years, have been 
collected under the general title Physico-Chemical 
Evolution. These papers may be read independently, 
though relating more or less to the same subject. 

The first, written and published in April, 1918, in 
the Archives do Psychologic of Geneva, in some way 
serves as an introduction. It is called ‘‘ Reflections 
on the Classification and the Unification of the 
Sciences and was written with the special object of 
showing how the principle of relativity is able to con- 
stitute a first step towards the union of sciences which 
are metaphysically separated by the conceptions on 
which they are founded, and the reader will do well 
to study it in this light. Hence, it is not absolutely 
coherent with the two papers which follow it, but it 
has the advantage of stating exactly the position of 
physics and chemistry among all the sciences and 
particularly with respect to the more general sciences 
of biology and psychology. 

Thus the considerations which are developed in it 
appear to be of value for the more complete under- 
standing of the two papers which succeed it ; this has 
led to its reproduction. 

We get to the root of the subject in the second paper, 
“ The Evolution of Physico-chemical Phenomena and 
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the Calculus of Probabilities ” (Journal de Chimie 
physique, 1917, 15 , pp. 215-272). 

Its object is to show — as far as possible without 
the introduction of mathematical developments — the 
statistical significance of Carnofs principle, and how, 
with this new conception, the principle is found to 
be limited by fluctuations. 

With the exception of a short digression on fluctua- 
tions in biological phenomena, and some remarks con- 
cerning the a7ialogy, which can be rigorously established, 
between the so-called vital principle and MaxwelVs 
demon, the paper is devoted exclusively to physico- 
chemical phenomena, such as are defined by the sole 
conceptions of number, space, time, and matter. 

The last paper, ‘‘ Carnot^s Principle and the 
Physico-chemical Evolution of Living Organisms ’’ 
(Archives des Sc. phys. et nat., May-June, 1920) 
goes further. It endeavours to show that Carnot^s 
principle, considered as a statistical principle, must 
disappear when it is sought to apply it to more and 
more heterogeneous media, such as very probably 
constitute living matter, as the law of large numbers 
on which it rests then ceases to be applicable. 

In this paper we have intentionally distinguished 
quite clearly between the point of view of classical 
thermodynamics and that of the new statistical con- 
ceptions ; the conclusions which are to be drawn from 
the two points of view being diametrically opposite. 

The last part of this paper is distinctly metaphysical ; 
particularly the final paragraph, ‘‘ Outline of a unicist 
philosophy based on Carnofs principle.'' 

The reader, therefore, must not try to find in this 
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short review anything more than an example which 
we have endeavoured to adapt as much as possible 
to the present scientific ideas, but which is intended, 
above all, to bring forward the high philosophical im- 
portance of this idea of the statistical law. 

By thus forcing itself always further and further 
into the domain of physical chemistry, this conception 
tends to thrust away into the unknown region of the 
atom or electron, or perhaps even beyond that, the 
exact nature of the first causes of the phenomena 
with which our ‘‘ ego ’’ is associated. 

Geneva C. E. G. 



PHYSICO-CHEMICAL 

EVOLUTION 

EINSTEIN’S PRINCIPLE OF RELATIVITY IN 
ITS RELATION TO THE CLASSIFICATION 
OF THE SCIENCES^ 

1. The progress of modern physics 

D uring the last thirty years modern physics 
has undergone changes much more com- 
plete and profound than had been recorded 
in the two centuries from the time of Newton to 
the appearance of the work of Maxwell. 

In the first place, this science has continuously 
become more electromagnetic ; that is to say, the 
phenomenon of electromagnetism has been considered 
more and more by physicists as one of the most 
general ; the one which tends by appropriate sim- 
plifications or modifications to embrace all the 
others. 

The first step in this direction was taken by 
Maxwell, to whom we are indebted, as is well known, 
for the electromagnetic theory of light, to-day 

^ This paper appeared under the title Reflexions sur la 
classification et V unification des sciences (Archives de Psy- 
chologic, August, 1919, Gteneva). 

1 1 
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universally accepted by physicists. Since then, 
this tendency to explain physical phenomena by 
electromagnetic considerations has continually in- 
creased, and at the present time it even extends 
to mechanics, which previously appeared to be the 
unchangeable foundation of the older physics. 
Thus even the property of inertia which constitutes 
the fundamental postulate of classical mechanics 
has found a satisfactory explanation in the properties 
of the electromagnetic field. 

In the second place, modern physics has become 
more and more a granular and statistical physics ; 
that is to say, the conception of discontinuity which, 
in the atomic theory, already embraced all chemistry, 
has been extended into several other domains. 
Modern physics has had to have recourse to the 
atom of electricity (the electron), the actual existence 
of which is based on a very large number of experi- 
mental facts, and the numerical value of which has 
been determined by varied and already very exact 
measurements. Finally, this idea of discontinuity 
has not been solely limited to matter, but during 
the last few years it has invaded the domain of 
energy, which, accordingly, should be emitted by 
radiating bodies, not in a continuous manner, but 
in small discontinuous parcels, called “ quanta.’’ 

One of the consequences of the discontinuity of 
matter is the importance which kinetic theories, 
that is, theories which consider the motions of 
these discontinuous elements, have assumed in phy- 
sical explanations. Their starting-point was, as is 
well known, the kinetic theory of gases, to which 
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the laws ol the Brownian movement have given 
an almost tangible confirmation. But to-day these 
kinetic theories are slowly invading the various 
domains of physical chemistry and the conception 
of “ statical equilibrium ’’ is being gradually re- 
placed by the more probable conception of “ dyna- 
mical equilibrium.” 

On the other hand, as the motions of these in- 
numerable discontinuous elements (atoms, molecules, 
electrons) cannot be followed by the equations of 
dynamics, physicists have been compelled to have 
recourse, in the investigation of a large number of 
problems, to the calculus of probabilities. This has 
rendered inestimable service during the last few 
years by the control which it brings to the kinetic 
hypotheses, particularly in the domain of fluctua- 
tions. 

One of the most important consequences of the 
prodigious number of discontinuous elements which 
is involved in the smallest phenomenon is the 
colossal number of the possibilities which may occur, 
with a more or less great probability that they will 
do so. Physicists have thus been led to modify, 
in many cases, the ideas which they had of the 
physico-chemical laws, that is, of the laws which 
govern a whole composed of an immense number 
of molecules. The evolution of a phenomenon tends 
to take place according to the greatest probability, 
and it follows that physico-chemical laws are viewed 
as statistical laws, very exact it is true, on account 
of the law of large numbers, but no longer possessing 
that character of absolute determinism and inflexi- 
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bility which it has been customary to attribute to 
them. It is in this way that the second principle 
of *thermod 3 niamics has assumed the character of 
a statistical principle of evolution since the re- 
searches of Gibbs and Boltzmann ; the evolution of 
a system always occurring “if not theoretically, 
at least practically ’’ in the direction of a greater 
probability. 

But among all the discoveries and advances of 
modern physics, the appearance of the jprinciple of 
relativity is perhaps the scientific event which remains 
the most extraordinary and the most perplexing. 
This principle teaches us, in fact, that the ideas of 
time and space which we have held hitherto are 
only particular cases of a more general conception. 

Whatever repugnance we may feel to renouncing 
our former conception of time and space, we are 
nevertheless compelled to recognize that the new 
principle allows a collection of phenomena, which 
had led to the multiplication of sometimes contra- 
dictory hypotheses, to be given a unique explana- 
tion. Further, by adopting the new point of view, 
the equations of the electromagnetic mechanics of 
very large velocities assume a form at once simple 
and general. Also, many brilliant minds and the 
best among actual physicists have not hesitated 
to regard the new conception as a more general 
and a more exact expression of the notions of time 
and space, although in practice the numerical dif- 
ference between the two conceptions is only appre- 
ciable in a very small number of cases. 
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Others have sought and still seek to avoid such 
a far-reaching transformation of our mode of 
thinking ; they hope that we shall succeed* in 
finding a satisfactory explanation of the collection 
of facts which have justified the appearance of the 
new principle without forsaking the old conceptions. 

At the present time it is not possible to say which 
of these two schools of thought will eventually 
triumph. But it has seemed of interest to bring 
forward in this communication what would be, 
particularly from the point of view of the classifi- 
cation and the unification of the sciences, the modi- 
fications involved by this correlation between the 
measurement of time and that of space which is the 
very foundation of the principle of relativity. 

It is this point of view therefore which will be 
exclusively adopted in what follows. 

2. The comparison of lengths and of intervals of time 
in relativity ^ 

From the experimental standpoint the principle 
of relativity can be expressed as follows : 

The laws which govern physical phenomena are 
independent of a uniform translatory motion in which 
the observer and all the material bodies concerned are 
involved. 

This conclusion, which has been verified by ex- 

^ For a more complete investigation of these questions 
we would refer the reader to the articles which have already 
appeared on this subject, particidarly to the very clear 
exposition which Langevin has given in the review 
“ Scientia,” under the title V Evolution du temys et de Ves'pace 
( 1911 ). 
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periment with a very high degree of accuracy, was 
difficult to reconcile with the hypothesis of an im- 
mobile ether in which luminous waves, or more 
generally electromagnetic waves, were propagated 
with a constant velocity. From this difficulty was 
born the principle of relativity, summarized by the 
Lorentz transformation and the kinematic equations 
of Einstein. 

Among the numerous consequences which result 
from these equations we shall confine ourselves to 
recalling two only, which are particularly perplexing ; 
they will be sufficient for our purpose. 

The expression of a length is given by the relation 

a/i-Q' (1) 


in which d might be, for example, the length of a 
rule to an observer motionless with respect to it — 
that is, the length which we consider in ordinary 
dynamics — ^whilst d' would be the expression for the 
length of the rule to an observer moving with a 
uniform relative velocity v parallel to it ; finally V 
is the enormous velocity of light, so that the term 

is practically, if not entirely negligible, at 

least always extremely small. The difference be- 
tween d and d' is therefore inappreciable. 

Similarly the expression for an interval of time is 





( 2 ) 
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in which might be, for example, the expression 
for the interval between the ticks of a clock as 
heard by an observer belonging to a system A ; 
A^' would be the expression for this interval as 
heard by the same observer if an identical clock, 
stationed for example on system B, moved with a 
uniform velocity v with respect to him. 

In short, the formulae (1) and (2) show ; 

(1) That the expression for a length depends not 
only on the conception of space but on that of time 
also, since it involves the relative velocity v of the 
two systems ; 

(2) That the expression for an interval of time, 
for the same reason, depends not only on the con- 
ception of time but also on that of space. 

It follows that in relativity the conceptions of 
space and time are inseparable from each other. 
It is only when the relative velocity v of the two 
systems is small with respect to that of light that 
the two conceptions become independent and that 
the formulae (1) and (2) reduce to 

d' == d, At' = A^, 

corresponding to the ideas of space and time which 
are usually held. 

3. The classification of the sciences and the principle 
of relativity 

From the philosophical point of view there can 
only be one science : ‘‘ Science,” which must em- 
brace the explanation of all phenomena, whatever 
they may be, with which our “ego ” is associated. 
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But we are so far from being able to realize 
this ideal synthesis — even if it is realizable — ^that 
because of our inability we have subdivided the 
whole of our knowledge into a certain number of 
arbitrarily established categories. 

It is not useless to recall this truth, though it is 
so commonplace ; it is because we do not possess 
“ Science ” that we have “ sciences.” 

Among the numerous modes of subdivision there 
is one which we shall call here the metaphysical 
classification and which is based on the primordial 
conceptions of number, space, time, matter, life, and 
thought ; each of which conceptions is in reality for 
us an enigma, a profound mystery. 

The definition which can be given to each of these 
fundamental conceptions, the study of their origin 
and of the relations which may exist between them 
belongs, or at least approaches very closely, to 
“ Metaphysics ” ; we shall not dwell on them at 
present. 

Nevertheless, it may be questioned whether these 
conceptions wiU always be puzzling to us or whether 
some day, by patience and work, we shall be able 
to penetrate to their deepest meaning, to the 
mystery which they conceal, or at least to the 
relations which unite them. Are these conceptions 
really irreducible or will they some day throw light 
on one another ? Finally, is it possible that they 
are derived perhaps from one and the same principle 
which we cannot at present perceive ? 
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Metaphysical Classification ^ 



Number. 

Space. 

Time. 

Matter. 

Life. 

Thought 

Arithmetic . 

X 






Geometry 

X 

X 





Kinematics , 
Mechanics 'v 

X 

X 

X 




Physics 1 

X 

X 


X 



Chemistry j 
Astronomy/ 







Biology . . . 

X 

X 

X 

X 

X 


Psychology . 

X 

X 

X 

X 

X 

X 


In this connection the principle of relativity 
deserves our attention for a few moments* 

As we have just seen, this principle rests essen- 
tially on a correlation between the measurement of 
time and that of space, which become to some extent 
inseparable from one another. 

This correlation has the inestimable advantage of 
introducing simplifications of the highest importance 
into the explanations of physical phenomena. In 
the first place, it allows the mechanics and the 
physics of bodies in motion to be considerably sim- 
plified in the case of very large velocities ; further, 
it tends to reduce to a unique principle the two 

^ It may be observed that the order in which the various 
sciences occur is identically that of the classification (theo- 
rematic) of Professor Adrien Naville, Nouvelle classifica^ 
tion des sciences ^ 2nd edition, 1901, F61ix Alcan, Paris, 
If we have thought it best to call this classification the 
metaphysical classification^ it is with the object of bringing 
out the profoimdly enigmatical character of the funda- 
mental conceptions on which they axe founded. 
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principles which are perhaps the most important 
and the most firmly established in modern physics : 

the conservation of mass and the conservation of 
energy.’’ Thanks to this supposed relation between 
time and space, every body only possesses inertia 
or even weight in proportion to the total energy 
which it possesses ; inertia and energy thus become, 
so to speak, synonymous. Moreover, the new prin- 
ciple allows the almost complete elimination, in the 
explanation of phenomena hitherto observed, of 
that hypothetical medium of reference the ether — 
to which physicists have accustomed us and the 
properties of which have had to be multiplied in 
order to explain various phenomena ; the general 
solution of these phenomena seems to have been 
accomplished by the principle of relativity. 

It is therefore incontestable that the introduction 
of the new principle^ revolutionary as it appears, con- 
stitutes an important element of unity between the 
various domains. 

But the adoption of a conception which has the 
effect of revolutionizing ideas which are as familiar 
to us as those of time and space must occasion 
repugnance and very active opposition. 

Its opponents have said, “ We are willing to admit 
that the formulae of relativity contain some profoimd 
truth since they lead to results which hitherto have 
been in accord with experience, but let us seek 
another interpretation and please do not let us 
modify the conceptions which for us possess axio- 
matic evidence.” 

To this the partisans of the new principle can 
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reply, not without reason : ‘‘ We do not overthrow 
the conceptions of time and space, we generalize 
them. These conceptions in fact are only insepar- 
able from one another in the case where the relative 
velocities of the bodies are enormous. As soon as 
these velocities are small with respect to the enor- 
mous velocity of light, the conceptions of time and 
space again become practically independent of each 
other. 

“ But this last case is precisely that of the world 
in which we are placed. It is not surprising, there- 
fore, that the independence of these two conceptions 
appears to us to be axiomatic. If we could live 
in a world where the relative velocities of material 
bodies approached that of light, it is to be presumed 
that our conceptions of time and space would be 
different, that these two conceptions would become 
connected and that in order to explain the dynamics 
of these enormous velocities we should be led pre- 
cisely to the equations of relativity. 

‘‘ Thus it is because we live in a world which 
is only a particular case of a more general universe 
that the conceptions of time and space appear to us 
to be independent of each other. In the world of 
the radioactive atom which emits electrons the 
velocity of which approaches that of light this would 
very probably not be the case.” 

Considered from this point of view it is seen that 
the principle of relativity is above all a metaphysical 
acquisition. Perhaps the principle of generalized 
relativity recently advanced by Einstein may be 
a new step forward in that path of metaphysical 
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progress which some day may be able to inter-relate 
the diverse fundamental conceptions which are at 
the bottom of our classification of the sciences. 

4. Note on the origin of the fundamental conceptions 
of the classification of the sciences 

Since our various sciences have been artificially 
separated from one another by the number of 
fundamental conceptions which they involve (see 
the table, page 9), perhaps it will be profitable, 
without dwelling at length on their definition, to 
say a few words concerning each of them, in order 
to recall how they are connected with the sensa- 
tions with which we are familiar ; that is, their 
connection with the particular case in which 
we exist. This rapid review will have the advantage 
of bringing out clearly to what extent convention is 
at the base even of the conceptions on which our 
classification of the sciences rests. 

The conception of Number would appear to have 
discontinuity for its origin, whatever the manner 
in which this discontinuity manifests itself to our 
senses : form, colour, sound, touch, and so on. 

The conception of Space and of its measurement 
would appear to be connected with that of a solid 
body gratuitously supposed to be invariable whatever 
the position it occupies^ its orienUxtion^ or its velocity ; 
similarly, the equality of two spaces supposes the 
superposition of two solids y invariable by definition.'* 
But we have just seen (§ 2) that the principle of 
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relativity has the effect of modifying this original 
conception and that the magnitude of a length 
depends on the relative velocity between the ob- 
server and the length to be measured. 

The conception of Time would appear to be 
intimately connected with that of variation. In 
fact it is not possible from the physical point of 
view to imagine that any conception of time could 
exist in a universe in which everything was at rest, 
and in which no variation whatever occurred. For 
that universe time would not exist ; at least nothing 
would permit of its measurement.^ The equality of 
two intervals of time thus arises from the supposition 
that “ the same causes take the same time to produce 
the same variation.'' The conception of the simul- 
taneity of two events is more diflScult to define ; 
it also rests on conventions very clearly stated in 
particular by H. Poincar6.2 We shall excuse our- 
selves from dwelling on these difficult questions here, 
and we shall content ourselves with remembering 
that the principle of relativity has profoundly modi- 
fied these conceptions, as it has done those of space. 

The conception of Matter would appear to have 
for its origin the resistance which bodies offer to 

^ Of course, only physical time is here concerned and 
not time such as may be considered in psychology — Berg- 
Bonian time, for example. 

* H. Poincar^, Uespace et le temps (Dernieres Pens6es) ; 
La relativitS de Vespace (Science et M6thode) i La mesure 
du temps, la notion d^espaee (La Valeur de la Science). 
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muscular effort, when it is endeavoured to displace 
them or, more generally, to modify their motion. 
From this point of view inertia is the property 
which seems above all to characterize matter. But 
here again the principle of relativity intervenes to 
attribute inertia in a general way to the energy 
which a body possesses. It follows that “ energy ** 
and ‘‘ matter ” are only the two aspects of one and 
the same thing ; and it can be better understood 
thereby why force and matter are always insepar- 
able from one another. 

To sum up : the principle of relativity tends to 
modify profoundly the conventions which are at 
the base of our habitual conceptions of space, time, 
and even of matter, conventions which are princi- 
pally justified, it appears, because hitherto we have 
not had to take into consideration material bodies 
possessed of velocities sufficiently large with respect 
to that of light. 

It is not easy to define briefly the conception of 
Life ; it embraces, indeed, quite a collection of 
facts which appear common to all the organisms 
which it has been thought necessary to call “liv- 
ing ” on account of the very existence of these 
facts. 

lict us only recall that the living being is charac- 
terized by the fact that it is born, grows, reproduces, 
and dies ; that its growth is a growth which is 
generally different for the various organs, this being 
contrary to what occurs in crystals which also are 
born, grow and die, but of which each part, however 
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small it may be, is only the repetition of any part 
whatever of the whole. The primordial element of 
the development of the living being appears to be 
probably the cell ; but this cell varies and develops 
according to the organs which it is its mission to 
constitute or to renew. As is well known, the 
living organism has the faculty of increasing at the 
expense of the materials which are to be found in 
the surrounding medium ; but above all it has the 
faculty of choosing from among these substances 
those which are appropriate to its development or 
to its functioning, and rejecting those which are 
useless or harmful to it, though the physico-chemical 
process of this assimilation, etc., is not yet satis- 
factorily explained. 

But above all these properties, the generality of 
which could, I think, be disputed in many cases 
there is an experimental fact which overshadows aU 
the other facts ; life only appears to proceed from 
life itself. As Bergson has said, “ life would appear 
to be like a current which goes from germ to germ 
by the intermediary of a developed organism,^’ and 
it must be recognized that the impossibility of 
practically realizing the spontaneous generation of 
life provides this point of view with an experimental 
argument of the first order. 

Will it always be thus ? Obviously we can- 
not say, but meanwhile this practical impossibil- 
ity of creating life, otherwise than by life itself, 
fully justifies the classification of vital pheno- 
mena in a separate category, at least provision- 
ally. 
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As for the conception of Thought, it seems desir- 
able entirely to give up hope of defining it ; it is the 
mystery of mysteries. Probably all that science 
can teach us positively in this direction are the 
correlations which unite it to the biological and 
physico-chemical phenomena which, experimentally, 
always accompany it ; and even this is much to 
require of it. 

In conclusion, it is seen from what has been said 
that the fundamental conceptions which have served 
to separate our various sciences from each other 
rest on conventions the choice of which appears to 
be connected with the special conditions of the 
world in which we live. But it may be desirable 
to modify these conventions, and it even seems as 
though this had been accomplished for the concep- 
tions of space, time, and matter by the introduction 
of the principle of relativity. 

It would appear that in this there is a first step 
in that advance towards ‘‘ Science which must 
establish in this way relations between these diverse 
metaphysical conceptions which appear to ua at 
first sight to be irreducible, but which the principle 
of relativity seems to have revealed as being more 
unified than we thought, at least as far as space 
and time are concerned. 

What progress can be realized in the future in 
this direction ? In particular, is it permissible to 
hope some day to be able to establish a correlation 
between physical chemistry and life, between life 
and thought, and so on ? These are very big 
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questions, to which nobody can reply in the present 
state of science. 

Nevertheless, we think it well to recall in this 
connection an ingenious hypothesis which endea- 
vours to make Carnot’s principle the line of demar- 
cation between physico-chemical phenomena and 
vital phenomena. This h 3 q)othesis has been for- 
tunate enough to have the illustrious physicist 
Helmholtz as its first sponsor. Perhaps we shall 
some day return to this hypothesis to present it 
in a form more adequate to the conceptions of 
modern physics. For the time being, however, 
we shall confine ourselves to some considerations of 
the degree of generality of the various sciences in 
our table. 

5. Considerations of the degree of generality of the 
various sciences 

Speaking generally, how can we hope to pass 
from the sciences to “ Science ” ? In other words, 
what path must we take in the endeavour to inter- 
relate the metaphysical conceptions which separate 
the various sciences of our classification ? 

As is well known, it is scarcely possible, in the 
present state of our knowledge, to reply to such a 
question. Also, we shall confine ourselves, in what 
follows, to giving some vague indications which 
result, above all, from the degree of generality which 
we have assigned to our various sciences. 

Of all the phenomena with which our ‘‘ego ” is 
associated, the most general and that which over- 
shadows all and embraces all is thought. 

2 
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There is, in fact, no thought which has not 
experimentally a living organism for substratum ; 
there is no living organism which is not the seat 
of physico-chemical phenomena ; and finally there 
is no physico-chemical phenomenon which does not 
involve the conception of number, space, time, and 
matter. 

Thus thought embraces all the metaphysical con- 
ceptions which are at the base of our classification 
of the sciences ; from our point of view it is the 
most general phenomenon. 


Experimental Psychology in its largest sense 
should therefore study simultaneously with the psy- 
chical phenomenon all the physiological and physico- 
chemical phenomena which accompany it. It is 
scarcely necessary to say, however, that such a 
study is so vast, entails such varied and profound 
attainments, and encounters so many actually in- 
surmountable difficulties that no psychologist dare 
undertake it even in the simplest cases. ^ 

^ Nevertheless, the hope may be expressed that one 
day some experiment of this nature may be partially 
attempted ; but this can only be after the other sciences 
have been carried to a degree of perfection which at present 
they are far from attaining. 

In this connection may be mentioned the experiments 
in which it has been shown that a man placed in a calori-, 
metric chamber does not liberate more heat when he is 
engaged in hard mathematical work than when his brain 
is, so to speak, inactive. This negative conclusion does 
not appear to us to be final, in view of the low sensitivity 
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Be that as it may, the impossibility which the 
psychologist finds in studying completely the prob- 
lems which interest him has the effect in practice 
of making psychology into an artificially simplified 
science, although in principle it is the most general 
of all. 

After experimental psychology comes Biology, 
which can also be called Physiology if all psychical 
considerations are deliberately excluded,^ as we do 
in our classification, and as is done practically in the 
majority of biological investigations. This exclu- 
sion, which is manifestly arbitrary in the case of 
the animal kingdom, may appear to be justifiable 
where plants are concerned. In fact a plant ap- 
pears to possess neither brain nor nervous system ; 
nevertheless, certain facts seem to indicate that it 
has a rudimentary intelligence ; these facts authorize 
us not to consider the psychism of a plant or even 
of a cell as definitely settled in the negative. Do 
we not see, in fact, certain plants turning themselves 
towards the light ; the tendrils of climbing plants 
seeking and finding their support, the drosera closing 
at the contact of an object and imprisoning in this 
way the insect which is its food, and so on ? It is 
true that the biologist may very well regard these 

of such an experiment ; the large amoimt of heat liberated 
by the rest of the body must be added to that set free 
by the brain in both the comparative experiments. 

^ M. Adrien Naville defines biology as follows ; “ The 
science of the laws of corporal life.** It is considered 
here in the same sense. 
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facts as only signs, perhaps encouraged in this way 
of looking at them by the preconceived idea that 
some day physico-chemical phenomena, which have 
all his confidence, will furnish the explanation of 
life, considered thus gratuitously as a physico- 
chemical climax. 

It would be arbitrary therefore to suppose a 
priori that a plant is deprived of all sensibility and 
of all psychism. 

It follows that biology also is found to be an 
artificially simplified science, above all so far as it 
concerns the animal kingdom, and in particular the 
higher animals. 

After biology we have on our table (page 9) 
mechanics, physics, chemistry, and astronomy, 
which we shall designate here by the single term 
Physical Chemistry. i The postulates and the 
fundamental laws of physics and chemistry may all 
be said to have been established by experiments or 
by observations made on non-living matter. We do 
not owe them to the chemistry of plants or animals 
or even to the chemistry of ferments, in spite of the 
immense interest which the latter study presents. 
They result, above aU, from experiments made, if 
not on substances or media which are absolutely 
sterile, at least under conditions where the influence 
of vital or psychical phenomena was apparently and 

^ This term is given a more general meaning than it 
usually possesses ; by the term physical chemistry is 
meant all physical and chemical phenomena, between 
which there is moreover a very subtle distinction. 
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probably nil. It is for this reason that physical 
chemistry in its turn must be considered to be a 
simplified science as it involves only the conceptions 
of number, space, time and matter. It will con- 
stitute a complete science only when its relations 
with vital and psychical phenomena are known. 

After physical chemistry come two sciences the 
artificial simplicity of which is so obvious that it is 
unnecessary to insist on it. They are Kinematics, 
which studies the motion of bodies, but arbitrarily 
eliminates the properties of the matter which con- 
stitutes them ; it thus involves the conceptions of 
number, space, and time ; finally Geometry, which 
studies the properties of figures traced out in space, 
but without involving time. To a geometrician, a 
figure can be developed by the displacement of 
another figure, but the time which this displacement 
has occupied does not enter into consideration ; 
geometry can only involve the conceptions of number 
and space. 

Nevertheless it is important to observe that the 
principle of relativity tends to reunite kinematics 
and geometry in the same metaphysical category, 
since the conceptions of time and space are thereby 
unified. Our, Euclidian geometry would then be 
only a particular case ; it would be a geometry in 
which the dimensions of the figures would be always 
measured by means of rulers motionless with respect 
to them. 

In the last place comes Arithmetic, which is 
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metaphysically the most simplified of all the sciences. 

An example will be given to bring out more 
clearly the degree of generality of the various 
sciences in our classification. 

Consider a geometrical figure — a parabola ; this 
figure can correspond to an infinite number of kine- 
matical problems. The parabola in question may, 
in fact, be described by a particle moving accord- 
ing to laws of motion which may be varied in 
an infinite manner. 

Let us consider now a parabola described by a 
particle moving according to a given law ; an 
infinite number of physical problems can correspond 
to this exact kinematical problem. For example, 
it might be the problem of a ball of lead projected 
with a certain initial velocity and at a particular 
angle in a gravitational field ; but it might equally 
be that of an electron projected at the same angle 
in a constant electric field, and so on. 

It is seen, therefore, that a particular geometrical 
problem can give rise to an infinite number of kine- 
matical problems, and that an infinite number of 
physical problems can correspond to a particular 
kinematical problem. 

Similarly it may not be impossible that an infinite 
number of different psychical phenomena corres- 
pond to a given physico-chemical phenomenon occur- 
ring in the brain of a living being. It will be under- 
stood that here we enter into the region of dreams ; 
the reader will pardon us if we digress for a little ; 
it will permit us to state our ideas more precisely. 
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Note 1. — ^Let us first recall that a physico-chemical 
law, or more generally a physico-chemical phenomenon, 
may be considered as a statistical result. When we have 
before us two cubic centimetres of the same gas, each 
enclosed in a separate receptacle and both brought to 
the same temperature of 0° C. and to the same pressure 
of 760 mm., we say that these two cubic centimetres of 
gas constitute the same phenomenon from the physico- 
chemical point of view. But actually if we were able 
to examine the complexity of their molecular movements 
we should state that the phenomenon which we call a 
cubic centimetre of gas at 0° and 760 mm. can correspond 
to an infinite number of different distributions of velocities 
or of positions of the molecules. Thus from this point 
of view no two cubic centimetres of gas can be considered 
as identical. 

Let us suppose that the methods of investigation will 
some day permit us to be cognisant of this diversity, par- 
tially at least — and we must not quite give up hope of 
this since on the one hand X-rays have already given us 
information concerning the arrangements of the molecular 
networks in crystalline systems, and on the other hand 
the study of the fluctuations enables us to penetrate into 
the heart of the physico-chemical laws. Let us suppose 
therefore that we should then be able to establish that 
each of these dispositions, although they are practically 
equivalent from the physico-chemical (i.e. the statistical) 
point of view, corresponds to a definite psychical pheno- 
menon. We shall then be able to tmderstand why physico- 
chemical and psychical phenomena do appear and must 
appear to us to be metaphysically distinct. In other 
words, while we confine ourselves to considering in physico- 
chemical phenomena only the statistical result of the whole, 
this only being accessible to our determinations, no precise 
correlation between thought and matter can appear, 
although experimentally thought is always associated 
with matter. But by penetrating more deeply into the 
heart of physico-chemical phenomena we may have some 
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chance of laying hold of this correlation, in the same way 
as the experimental investigation of the mechanics of high 
velocities with electrons has led to the establishment, by 
the principle of relativity, of a correlation between the 
measurement of space and that of time. From this example 
it is apparent how the simultaneous study of a psychical 
phenomenon and of the physico-chemical phenomenon 
which accompanies it may help us to understand more 
clearly the significance of the physico-chemical pheno- 
menon itself ; just as we grasp more thoroughly the true 
meaning of inertia in Newtonian mechanics by considering 
this science as a particular case of electromagnetism and 
of the more general mechanics of relativity. 

Finally, if we have thought it necessary to em- 
phasize, in a way which may seem rather excessive, 
the voluntarily and arbitrarily simplified character of 
our various sciences, it is in order to avoid the risk of 
falling into too hasty generalizations. As a cele- 
brated mathematician has said : “ One never 

obtains from an equation anything except what has 
been put into it ; whatever may be the permissible 
transformations to which it is subjected the final 
Jesuit was always contained in the original equation. 
Similarly, nothing can be obtained from an artifi- 
cially simplified science which is not contained in 
its postulates* 

« ♦ « ♦ m « 

In conclusion, we have just seen that our diverse 
sciences, which we have classified and defined, are 
separated from one another by the larger or smaller 
number of the metaphysical conceptions which 
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they involve ; and, in the second place, we have 
insisted on the degree of generality and on the 
voluntarily and arbitrarily simplified character of 
every one of these sciences. 

This done, we have said that the advance towards 
“ Science ” must tend to establish relations “ based 
on experience ” between these various metaphysical 
conceptions which appear to us at first sight to be 
irreducible, but which the principle of relativity 
has recently revealed to us as being more related 
than we thought, at least so far as space and time 
are concerned. 

But, in this metaphysical conquest, which alone 
can lead us to the desired goal, what path are we 
to choose ? We shall endeavour to ascertain this 
from the history of the experimental sciences. 

This teaches us, in fact, that in order to establish 
relations between two phenomena we have two 
principal methods of procedure at our disposal. 
We can either complicate the phenomenon which 
appears to us to be the simpler or we can simplify 
that which appears to be the more general. In 
other words, we can proceed from the particular 
to the general or we can follow the reverse order 
and go from the general to the particular. 

Let us suppose, for example, that we wish to 
establish a relation between physico-chemical pheno- 
mena as we know them and vital phenomena ; we 
may then try to complicate the physico-chemical 
phenomenon, which appears to us to be the simpler, 
in such a way as to make it include the vital pheno- 
menon ; or inversely, we may try to simplify the 
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vital phenomenon so that we get back to the laws 
of our physical chemistry. 

But these two ways are far from offering theoret- 
ically the same security, and above all from present- 
ing the same difficulty. In order to simplify a 
phenomenon it is only possible to act on a limited 
number of elements. It would appear that by 
successive simplifications it should be possible to 
recognize fairly quickly whether the second pheno- 
menon was contained in the first, and vice versa. 
But in order to complicate a phenomenon and to 
make it more general, the choice of complication 
is in some ways unlimited, since new elements can 
always be added. The difficulty of choosing may 
then become so great as to render it absolutely 
impossible. 

Thus physicists have been able to arrive at a 
satisfactory and more general explanation of lumin- 
ous phenomena by starting from electromagnetic 
considerations, whilst it would have been nearly 
impossible for them to explain electromagnetism 
merely by the mechanical considerations which were 
at the bottom of the old theory of light. This 
difference arises from the fact that light is only a 
particular case of electromagnetism ; it was there- 
fore possible to explain light by simplifying electro- 
magnetism, whilst it is very difficult to say how 
the mechanical theory of light can be complicated 
in order to embrace electromagnetism. Moreover, 
all the efforts which physicists have made to give 
a satisfactory mechanical explanation of electro- 
magnetic phenomena have been in vain, though 
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by starting from electromagnetic considerations they 
have been able to create a satisfactory image of 
inertia and even to furnish a kind of explanation 
of mechanics. 

Similarly, it is easier to give an account of New- 
tonian mechanics by taking as a starting-point the 
more general mechanics of relativity, applicable to 
the enormous velocities which the cathode electrons 
or the P rays may possess, than it is to start from 
Newtonian mechanics, established with velocities 
small with respect to that of light, and to endeavour 
to deduce therefrom the dynamics of these enormous 
velocities. 

Therefore, although this conclusion may not be 
at all general, it appears to be easier to explain a 
particular phenomenon by commencing with a more 
general phenomenon, which is simplified, than to 
adopt the reverse process. Similarly, in order to 
understand more clearly the meaning of one of the 
sciences of our classification it is perhaps necessary 
to consider it as a limiting case of a science which 
is metaphysically more general. In other words, 
we shall only understand completely the meaning of 
a physico-chemical phenomenon when the relation is 
known which unites it to the vital and psychical 
phenomena which can accompany it in the living 
organism. 

In shorty is it not by the study of physico-chemical 
phenomena that we have been led to the discovery 
of the principle of relativity and brought at the same 
time to understand kinematics and geometry in a more 
complete and much more general way ? It is there- 
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fore indeed by the study of a science which is 
metaphysically more general (involving the con- 
ceptions of number, space, time, and matter) that 
we have been able to generalize two sciences which 
only involve a smaller number of these fundamental 
metaphysical conceptions. 

Thus it appears theoretically more rational to 
proceed from the general to the particular and to 
explain one science by a metaphysically more 
general science than to follow the reverse order. 

This is not the case in practice, and we know 
that on account of the inextricable difficulties which 
are presented by the simultaneous study of psych- 
ical phenomena and of the concomitant physico- 
chemical phenomena, our individual sciences must 
be studied by themselves for a long time yet with- 
out our being greatly concerned with the relations 
which may exist between them. 

In this connection, let us remember that optics 
and electromagnetism could never have been welded 
into a single theoretical whole if Huyghens and 
Fresnel on the one hand and Faraday and Maxwell 
on the other had not brought each of these sciences 
to a very high degree of perfection. 

Similarly, it has been possible to give an experi- 
mental basis to the principle of relativity, and thus 
to achieve progress in metaphysics by means of 
physics itself, by increasing the precision of experi- 
mental methods, and particularly of interference 
methods, and of electromagnetic measurements* 

Thus the advance towards Science ’’ can only 
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be very slow. But the very perplexing discoveries 
of modern physics, and particularly that of rela- 
tivity, give us some gleams of hope that we shall 
some day see science become that general synthesis 
whichT has at all times been its ideal. Unfortunately, 
these gleams are still very feeble ; they cannot 
blind us to the extent of hiding from us the immen- 
sity of the distance we have to travel. 



THE EVOLUTION OF PHYSICO- 
CHEMICAL PHENOMENA AND THE 
CALCULUS OF PROBABILITIES ^ 


INTRODUCTION 


If one is sufficiently lavish with time, everything possible 
happens. 


Herodotus.® 


A S you know, physicists and chemists usually 
consider the second principle of thermo- 
dynamics (the Carnot-Clausius principle) as 
a kind of principle of evolution in the domain of 
physico-chemical phenomena ; in the sense that the 

^ Lecture before the Soci6t6 de Physique et d’Histoire 
naturelle de Geneve, December 7, 1916. 

This lecture was delivered before an audience in which 
physical chemists were in a minority ; readers will be 
good enough to forgive the repetition, occasionally in 
some detail, of the elementary conceptions with which 
they may be familiar. It has been thought best to retain 
this essay in its simple form, only adding some develop- 
ments ; the * purpose of the essay being principally to 
bring out the inner meaning of the actual interpretations 
of the second principle of thermo -dynamics. 

“ This thought of Herodotus has been put in this form 
by F. Amiel, Jour d Jour, Paris, 1880 ; I am indebted to 
my late colleague and friend. Prof. Cailler, for bringing 
it to my notice. * 


30 
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evolution of an isolated system is always accom- 
panied by an increase in its entropy. 

But since the researches of Gibbs and Boltzmann 
this principle has received a particularly interest- 
ing and suggestive interpretation. From this new 
point of view it appears that physico-chemical 
phenomena have the effect of causing a system to 
evolve towards states which are more and more 
probable. 

It thus happens that the calculus of probabilities 
creates a disturbance, in a quite unexpected manner, 
in a domain where it seemed that the most absolute 
determinism must always reign supreme. 

You will permit me, therefore, by way of intro- 
duction, to recall briefly how the calculus of proba- 
bilities has little by little intervened in the expla- 
nation of physical phenomena and why it daily 
assumes a more important place. 

1. The discontinuous structure of matter and 
the kinetic theories 

Although the senses of sight and of touch are 
sometimes able to make us believe that matter 
possesses a continuous structure, the study of 
physico-chemical phenomena leads us more and 
more to assume that this structure is in reality 
discontinuous, ‘‘ granular,'’ as it is the tendency to 
call it to-day. 

This discontinuous structure is asserted in the 
first place by all chemistry. 
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It would appear to be very dijBScult to explain 
without it, in an equally simple manner, the 
fundamental laws of definite and of multiple pro- 
portions which are the foundations of the atomic 
theory. 

In the domain of physics this discontinuity is 
again found at every step, particularly in the kinetic 
theories, of which the Basle scientist, Daniel Ber- 
nouUi, had the immortal glory of laying the first 
scientific foundations. 

For some years past the remarkable experiments 
made on the Brownian movement have given to 
these kinetic theories a reality which they had not 
previously possessed. These experiments have 
thrown a visible bridge between these theoretical 
conceptions, which were of the nature of hypotheses, 
and the reality of the movements of the particles 
which are directly accessible to observation. It will 
be sufficient to recall that the experiments of 
Perrin on the Brownian movement have permitted 
the redetermination of some of the principal con- 
stants of the kinetic theory of gases, to a very 
close approximation. 

But this conception of the discontinuity of matter 
has not been confined to the individual particles, 
molecules or atoms ; it has been extended to the 
domain of electricity, and we have witnessed the 
appearance of the electron, or atom of negative 
electricity, the existence of which is now supported 
by a large number of facts and more particularly 
by the experiments of MiUikan, who more than any 
other has brought out the granular structure of the 
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elementary electric charge. ^ Moreover, this con- 
ception of discontinuity is not confined solely to 
matter ; we see it introduced also into the domain 
of energy with the very fertile hypothesis of quanta, 
without which the experimental laws of luminous 
radiations appear to be difficult to explain. 

Let us recall, in fact, that according to this hypo- 
thesis the emission of radiant energy only occurs 
in small parcels (quanta), having something of the 
nature of grains of energy.^ 

But though physicists increasingly assert the dis- 
continuity of matter they do not less frequently 
continue to argue and above all to calculate as if 
it were continuous. 

A problem will sometimes be discussed from both 
these points of view. Such a problem, for example, 
is the propagation of heat by conduction, which 
may be investigated either by assuming the point 
of view of continuity and starting from Fourier’s 
differential equation or by adopting the kinetic 

^ In this connection see Schidlof and A. Targonski, 
Arch, de Oeneve, 1916. 

® It is interesting to recall how nearly this hypothesis 
of quanta takes us back in certain respects to the classical 
theory of emission. It follows, in fact, from the principle 
of relativity (Einstein) that energy should possess a certain 
inertia. A body which radiates energy shoxild thus theo- 
retically lose a little of its inertia. The quanta which 
escape would be the vehicles of this inertia and should 
possess therefore the property characteristic par excellence 
of matter. In addition, from this point of view inertia 
and energy are scarcely separable. (On this subject see 
Langevin, Inertie de VEnergie, Journal de Physique, 1913.) 

3 
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theory of electronic conductivity, which is more 
complex but which penetrates more deeply to the 
essentials of the phenomena. 

The first method of calculation is in general 
simpler, and if it is only necessary to consider the 
phenomenon as a whole it leads to the same results. 
Why, then, should it cease to be applied in all the 
cases in which it has been shown to be sufficient ? 
Physicists and chemists are bound to use all the 
means at their disposal to arrive at the knowledge 
of the truth, i.e. the relative truth. 

2, The introduction of the calculus of proba- 
bilities into physico-chemical theories 

One of the most important consequences of this 
discontinuous structure of matter is the large number 
of molecular or atomic elements which are concerned 
in the smallest phenomenon, in the smallest experi- 
ment. It follows that if it is desired to calculate 
“in a complete manner ’’ even the simplest pheno- 
menon, insurmountable difficulties are encountered 
from the very first. 

Physicists, blinded by the success of the astrono- 
mers, tried, indeed, at first, to create a molecular 
astronomy, 1 but they were not long in recognizing 
that the problem was infinitely more complex for 
them than for their brothers the astronomers. In 
astronomy the bodies present are generally few in 

^ In this connection the attempts at chemical mechanics 
made by Bertholet at the beginning of the nineteenth 
century may be recalled. 
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number and the distances between them are great 
compared with their dimensions. In spite of this 
great simplicity and in spite of brilliant researches 
you know that the mathematicians and the astron-^ 
omers have not yet arrived at a general solution 
of the problem of three bodies, subjected to the 
Newtonian attraction ; the movements of our 
planetary system are therefore only determined by 
approximations. What is to be done then by 
physicists who find themselves confronted with 
3 X 10^® molecules when they consider a single 
cubic centimetre of gas at 0^^ and at atmospheric 
pressure ? Is it going to be necessary in order 
to solve this problem to have 3 X 10^® simul- 
taneous differential equations each containing 
about 3 X 10^^ terms representing, for example, 
the reciprocal actions of all these molecules two by 
two ? The very thought of such a problem would 
be suflScient to make the most resolute mathema- 
tician recoil with fright. As has been remarked, 
in a similar connection, by M. Borel in his book 
Le Hasard^ if it were desired to examine each of 
these molecules for only a single second, it would 
be necessary to devote twenty thousand million 
human lives to this examination. This example is 
sufficient to show the practical impossibility of 
solving such problems in an absolutely general 
manner. 

But if physicists have not been able to follow 
astronomers to the very end, it should not be 
imagined that their example has been useless ; very 
much to the contrary, physicists have borrowed from 
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astronomy and the law of Newton the physics of 
central forces. 

It is thanks to these grandiose conceptions that 
it has been possible to develop fully certain chapters 
of physics, such as capillarity, electrostatics, mag- 
netism, etc. Finally, those very fertile conceptions 
of potential energy and actual energy have been 
borrowed from celestial mechanics. As it has been 
so well expressed by Henri Poincar6, ‘'Astronomy 
has given us a soul capable of understanding nature,’’ 
and it has been rightly said that Physics is a daughter 
of Astronomy. 

But when the almost insurmountable difficulties 
of molecular astronomy put obstacles in the way 
of the enthusiastic flight of physicists the latter 
had to resign themselves to limiting their ambition 
somewhat ; it was then that the physics of prin- 
ciples appeared. 

In this new method of investigation the hope of 
penetrating into the intimate mechanism of the 
phenomena is renounced, provisionally at least, and 
certain principles, which are declared to be abso- 
lutely general and which no well-conducted experi- 
ment has ever shown to be wrong, are taken as 
guides. At the present time these principles are 
already fairly numerous. In particular we have 
the principle of the conservation of matter (Lavoisier), 
which teaches us that in all chemical reactions the 
sum of the weight of the components is equal to 
the weight of the compound ^ ; the principle of the 

^ The principle of the conservation of matter thus 
enunciated is perhaps that of which the experimental 
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conservation of energy ; the principle of relativity ; 
the principle of the equivalence of work and heat ; 
and so on. 

These principles are distinguished from experi- 
mental laws in that they are considered to possess 
an absolute generality ; there may be exceptions to 
an experimental law, but a principle ceases to be a 
principle if it can be shown that there is a single 
exception to it.^ These principles therefore form 
a powerful means of control in theoretical and 
experimental researches and a very sure guide which 
is continually rendering the most eminent services. 
It is scarcely necessary to say that these principles 
are not dogmas which have been thrust upon us ; 

verification is the best established. It has been sub- 
mitted to the test of the balance and verified with an 
accuracy of about one in ten million ; the experiments 
carried out for this purpose lasted nearly ten years (Lan- 
dolt, Manley). It should be observed, however, that 
on the hypothesis that the mass of a body is proportional 
to its total energy (see Langevin, loc. cit,) this statement 
must be modified. On this hypothesis the principle of 
the conservation of mass is more general and merges 
into the principle of the conservation of energy. It then 
embraces the case when the mass is a function of the 
velocity, as for the P rays of radium or high-velocity 
cathode ray^j. 

^ According to modern ideas the Carnot -Clausius prin- 
ciple (the second principle of thermodynamics) is subject 
to certain restrictions which are of a more theoretical 
than practical importance, and which will be discussed 
in the second part of this essay. That is why it has some- 
times been questioned whether it should be classed as a 
principle. 
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they are essentially based on experiment and can 
be overthrown by experiment. 

But as the importance of the kinetic theories, 
the development of which followed the very idea 
of the granular structure of matter, increased, it 
was necessary to look for new methods of pursuing 
investigations further. Faced with the impossibility 
of applying the laws of rational mechanics to very 
complex phenomena, physicists have made use of 
the calculus of probabilities. It must be recognized 
that the support which this valuable auxiliary has 
given them has been of such a kind as to repay the 
trust which they put in it. 

3, The uncertainties inherent in the calculus 
of probabilities 

The calculus of probabilities has therefore the 
inestimable advantage that it allows us to pursue 
our investigations into a domain where the methods 
of rational mechanics are powerless. 

But this advantage is compensated by serious 
disadvantages. In no branch of mathematics is it 
easier to make a false step. There are numerous 
celebrated examples ; even when the problems are 
apparently as simple as those involved in the game 
of heads and tails. In fact, nothing is easier than 
to fall into a paradox. ^ There is, however, some 

1 At the foundations of the various games of chance, 
which may enrich their devotees but which impoverish 
them with a certainty none the less great, are found pre- 
cisely these paradoxes, these possibilities. For example : 
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compensation in these false steps. Sometimes a 
correct result is obtained from an erroneous hypo- 
thesis, that is to say, a result confirmed by experi- 
ence. It must be admitted in this connection that 
there are few branches in which mathematics is so 
generous.! 

Moreover, the uncertainties which the calculus of 
probabilities introduces cannot be better demon- 
strated than by recalling the very definition of 
probability. 

The probability of an event is the ratio of the number 
of cases favourable to the event to the total number 


A series of five successive reds has just turned up at rou- 
lette. Certain players imagine that it is therefore desir- 
able to stake on black, because, they say, this cannot 
continue indefinitely and that a series of six reds is ex- 
tremely rare. It is scarcely necessary to say that this 
is a great mistake. Experiments show, in fact, that 
there are on the average as many series of five reds fol- 
lowed by one or more reds as there are series of five reds 
followed by a black. The probability is thus always 
one-half. Moreover, Bertrand’s saying, “ Chance has 
neither conscience nor memory,” should never be for- 
gotten. 

! Following this train of thought, the first proof which 
Maxwell gave of the law of the distribution of molecular 
velocities in a gas may be mentioned. Similarly, in the 
simplified proof which is given of Boyle -Mario tte’s law 
in the kinetic theory of gases it is assumed that all the 
molecules have the same velocity, that all collisions are 
central, and that the molecules can only move parallel 
to the three edges of a cube, and so on. The correct 
expression for Boyle -Mariotte’s law can be obtained by 
the use of these three erroneous hypotheses. 
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of possible cases ^ all the possible cases being considered 
to be equally probable. 

It is this last reservation, necessary though it is, 
which spoils everything. How can we decide a 
priori that all the possible cases are equally probable ? 
For the greater part of the time we ignore the 
intimate nature of the phenomena which we are 
investigating. 

It is true that we may rely on certain considera- 
tions of symmetry, on certain intuitions, but in a 
general way we most frequently issue a decret 
d’autorite. If experiment proves to us a posteriori 
that the results are in accordance with the conse- 
quences of our decree we conclude that events 
indeed occur as if all the possible cases were equally 
probable. 

Let us consider, for example, the various positions 
which one of the molecules of a gas can occupy 
in a receptacle under the influence of molecular 
agitation. We authoritatively declare that the 
molecule can occupy any position whatever under 
the influence of molecular agitation and that the 
probability that it occupies a certain position is 
always the same. 

But what do we actually know about this ? We 
are absolutely ignorant of the laws which govern 
the relative displacement of the molecules in the 
interior of the vessel. Do we know, for example, 
that a molecule which happens to be in the neigh- 
bourhood of the walls of the vessel is not in a 
different condition ? Are we certain that some 
molecules do not indefinitely describe periodic 
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cycles ? We cannot know it, but the important 
thing for us is that the consequences of our decree 
are all in accord with the results of experiment. 
If such be the case, we conclude a posteriori that 
we have been right in putting such a hypothesis 
at the base of our calculus of probabilities. 

“ These molecules near the walls, or these mole- 
cules which describe periodic cycles,’’ we say then, 
“ are probably so few in number that they cannot 
alter the general consequences which follow from 
the assumption that we have made.” 

Finally y the agreement of the consequences of the 
hypothesis with experience is the sole criterion which 
we can invoke in its favour. 


FIRST PART 

THE PRINCIPLE OF EVOLUTION OF 
PHYSICO-CHEMICAL PHENOMENA 

4. Reversible and irreversible phenomena 

Phenomena ideally reversible 

For a phenomenon to be ideally reversible it is 
necessary in the first place that aU the phases of 
this phenomenon should be capable of successive 
reproduction and in the inverse direction. 

Let us imagine, for example, that we have cine- 
matographed the various phases of a phenomenon 
and that we make the photographic film travel in 
the reverse direction, i.e. commencing by the last 
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exposures obtained. We shall have then an exact 
representation of what a phenomenon must be to 
be ideally reversible. 

The phenomena of rational mechanics (on condi- 
tion that we neglect all the thermal phenomena 
which accompany them, friction, and so on) can 
give us a very clear picture of ideally reversible 
phenomena. 

We know, in fact, that a pendulum, if all friction 
be neglected, and we only take into account the 
weight of the bob, must oscillate indefinitely. In 
this case the oscillation from right to left and that 
from left to right constitute exactly two ideally 
reversible phenomena such as we have defined by 
the cinematograph film. 

Similarly, we suppose that, if we only consider the 
forces of gravitation, the motions of the planets 
around the sun should be reversible. It is sufficient 
to imagine that, on account of some cataclysm, all 
the velocities changed sign. The system would 
then retrace, with equal velocities of opposite sign, 
all the phases which had preceded the cataclysm. 

It is equally apparent that the actions which 
take place between “ ideally elastic bodies can 
also afford an image of ideally reversible phenomena. 

But on looking closer into the matter, it is ascer- 
tained that this ideal reversibility is a limit which 
is never attained and that something irreversible is 
invariably connected, in practice, even with phen- 
omena which are apparently the most reversible. In 
the case of the pendulum we have in reality to take 
into account the inevitable friction acting at every 
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instant, which, for example, prevents two successive 
oscillations having the same amplitude, and from 
which it follows that for a given position the veloci- 
ties are no longer exactly equal and of opposite 
sign. 

In the case of the planets gravitating round the 
sun, even if the supposition of a friction with the 
ether is ruled out of consideration as too gratui- 
tous, there are still the actions which these bodies 
reciprocally exert on the fluid masses which enter 
into their constitution. It is known that these 
actions can produce a real tendency towards im- 
mobility, very slight it is true, and thus they 
introduce an inherent irreversibility in the pheno- 
mena. It is known, in fact, that the work of the 
tides is produced at the expense of the rotation of 
the earth. Similarly, in its translatory elliptical 
motion, every time a planet approaches or recedes 
from the sun the equilibrium of the fluid masses 
must be slightly modified, and these periodical 
deformations must absorb energy and liberate 
heat just as do the tides ; thus they can only be 
produced at the expense of translatory motion. 

Finally, according to the new conceptions to 
which we have referred (note 1, page 36), as our 
solar system radiates more energy than it receives 
its inertia must continually diminish if it be sup- 
posed that this diminution is not compensated by 
a reception of material from other worlds, etc. 

But aU these thermal phenomena would continue 
to be produced, and always in the same sense, that 
is in the sense of a liberation of heat, even after 
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the cataclysm had reversed the velocities. There- 
fore the progress of the planetary system in the 
reverse direction would not be ideally reversible. 

Thus on closer examination it is seen that the 
phenomena of rational mechanics completed by 
thermodynamics do not evade the rule that there 
are in reality no ideally reversible phenomena. 

The same conclusion is reached in the domain of 
physico-chemical actions. 

If a water bath initially at C. and containing 
a crystal of ice be cooled, the crystal will grow ; 
conversely, if the liquid be reheated the crystal will 
dissolve and will resume its initial form and dimen- 
sions. This is a quite characteristic example of 
a reversible phenomenon. 

But in practice there will never be an ideally 
reversible phenomenon such as we have defined, 
for let us recall the conditions of ideal reversibility 
as stated in classical thermodynamics. 

In order that a system may be ideally reversible 
it is necessary that every one of the successive states 
through which it passes should be only infinitesimally 
different from a state of equilibrium. Under these 
conditions only can an infinitely small variation, 
in one direction or the other, in any phase of the 
system whatsoever, change the direction of the 
phenomenon. 

In the case of our crystal of ice an infinitely 
small variation d: dt of the temperature can only 
change the phenomenon, in the sense of the growth 
or the disappearance of the crystal, if the crystal 
and the bath are in equilibrium at 0°. But in 
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order that this condition should be fulfilled at every 
instant, it would be necessary, for example, to 
reheat the bath at an infinitely slow rate. If the 
supply of heat were not very slow a finite difference 
of temperature Aif would be produced between the 
bath and the crystal, and under these conditions 
the infinitely small variation ± dt would only 
produce evolution in the sense of the decrease of 
the crystal. 

In short, in order that an evolution may be an 
uninterrupted series of equilibrium states it is neces- 
sary that the transformation should be infinitely 
slow. In particular, it is necessary that the tem- 
peratures of all the bodies present should only 
differ from one another to an infinitely small extent 
at any instant. In other words, it is necessary 
that thermal equilibrium should bo infinitely near 
to being attained at every instant without being 
quite attained, because then all transformation 
would cease. ^ 

^ What we have just said concerning thermal equili- 
brium applies also to the equilibria involving variables 
other than temperature. It can be shown, for example, 
in an analogous manner, that in order to compress a gas 
by means of a piston in an ideally reversible manner, the 
difference of pressure between the two faces of the piston 
must be infinitely small at every instant during 
the compression. But this can only occur if the piston 
is frictionless, and if this condition were realizable it would 
still be necessary that it should not possess inertia, because 
if it could acquire a finite energy the infinitely small varia- 
tion i dp would not suffice to change the direction of 
the motion. We thus get back to the necessity of an 
infinitely slow evolution. 
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Therefore such conditions are not practically at- 
tainable, so there is ground for stating that, experi- 
mentally, in all phenomena which are the most rever- 
sible in appearance, there is some more or less im- 
portant irreversible park 

Irreversible phenomena 

We have just seen that all phenomena which 
appear to us to be ideally reversible are, in reality, 
only imperfectly reversible. But there is a class 
of phenomena which appear to have lost all rever- 
sibility and which are called more especially ‘‘ irre- 
versible phenomena.’’ We will mention two ex- 
amples ; 

(1) Let us consider first the case of a body falling 
under the action of its own weight, and stopped in 
its flight by an obstacle. Experiment teaches us 
that the energy which it has acquired is generally 
transformed into vibrations, then into heat, which 
is slowly dissipated into the surrounding medium. 

Let us try to reverse the conditions of the experi- 
ment and give the body a quantity of heat energy 
exactly equal to that which was developed by the 
stoppage of its flight ; we know that the body would 
not begin to vibrate and would not ascend to its 
initial level. 

This is a first example of a phenomenon which is 
very frankly irreversible. 

(2) Let us consider two different gases, at the 
same temperature and the same pressure, and each 
enclosed in a vessel. Put the two vessels into 
communication and wait. 
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At the end of a sufficiently long time we know 
that the two gases are intimately mixed and our 
most accurate analyses do not permit us to detect 
the least difference in the composition of the mix- 
ture, no matter from what part of the receptacle 
we take a sample. Further, if the mixed gases are 
perfect gases, without chemical action on each 
other, the mixing will not have given rise to either 
liberation or absorption of heat ; the energy of the 
mixture of the two gases will be exactly the same 
as that which the gases would have had separately. 

Let us try to reverse the conditions of the experi- 
ment and fill our two vessels with a mixture, as 
intimate as possible, of the two gases, this mixture 
having the same pressure and the same temperature 
as before ; again .establish communication and 
wait. 

We can wait as long as we please but we know 
that nothing will happen ; the mixture remains 
what it was, a mixture as intimate as before. 

Thus we have in the mixture of two gases by 
diffusion an example of a phenomenon which appears 
at first sight to be ideally irreversible. 

The irreversibility of biological phenomena. Al- 
though we are not able to follow what happens in 
a living organism with the same clearness and 
precision with which we observe the growth or the 
decrease in size of a crystal, or even the phenomenon 
of diffusion of two gases into one another, the 
general conception of irreversibility can be extended 
into the domain of biological phenomena. 

The evolution of a living being, in particular. 
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presents itself, “ on the whole,” as an irreversible 
phenomenon. We always see this evolution taking 
place in the same sense, from birth to death. We 
never see this evolution reversed like the cinemato- 
graph film just mentioned. We never see the dead 
revived, an adult progressively becoming an infant, 
whilst we can voluntarily make a crystal grow or 
decrease in size in a solution, or transform a 
liquid into vapour and reliquify this vapour, and 
so on. 

Among all the varied spectacles which nature 
offers us, why do we never behold the spectacle 
of the reversibility of life ? 

For the time being we shall confine ourselves to 
replying to such a question in the manner of the 
bachelor of Le Mahde imaginaire when questioned 
about the virtues of opium, and content ourselves 
with saying ‘‘it is thus because the evolution of a 
living being is on the whole an irreversible pheno- 
menon,” 

But when we say that a phenomenon is irre- 
versible we do not at all mean to assert that its 
reversibility is impossible. What we do wish to 
assert is that its reversibility has never been estab- 
lished and that all the methods hitherto tried to accom- 
plish it have miserably miscarried. 

This attitude, which is entirely in agreement with 
experience, is moreover irreproachable from the 
scientific point of view. It was absolutely necessary 
to state it exactly in order that what follows might 
be understood. 
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5. The explanation of irreversibility by 
probabilities 

Every one knows that if a white powder and a 
black powder, initially superposed, are shaken up, 
a very nearly uniform mixture is obtained at the 
end of a longer or shorter period. This mixture 
produces on our eyes the same impression as a 
grey powder, provided that the observer is at a 
distance which does not permit him to distinguish 
between the individual grains. Since we observe 
phenomena on this scale we can say that the agita- 
tion of the two powders originally separated has 
produced a new phenomenon which we call a grey 
powder. 

Once this result has been obtained, experience 
teaches us that we can prolong the agitation as 
long as we like but we shall always have a grey 
powder which does not alter in appearance. On 
our scale of observation the phenomenon is not 
further modified, although the grains constituting 
the mixture occupy different positions every time. 

In short, we assert that, experimentally, two 
powders, black and white, initially separated, can 
be transformed into a grey powder by shaking, but 
that this shaking appears to be powerless to produce 
the reverse transformation, namely, the separation 
of the grey powder into its original constituents. 

In this case, therefore, evolution only takes place 
in one direction and the mixture of the two powders 
constitutes, on our scale of observation, an irre- 
4 
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versible phenomenon, the mechanism of which we 
shall try to penetrate. 

For this purpose let us consider a powder com- 
posed only of ten white grains and ten black grains ; 
the grains only differing from one another by their 
superficial coloration. At the beginning of the 
experiment these grains are placed in a glass tube 
(Pig. A) ; the ten white grains occupying the 



Fia. 1. 


upper part of the tube and the ten black grains 
the lower part. We say that in this initial state 
the tube is white in the upper part and black in 
the lower part ; this is the phenomenon on our 
scale of observation. 

Let us reverse the apparatus, and after having 
agitated it sufficiently, replace it in its original 
position ; the white and black grains will be arranged 
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differently (Fig. B). “ At a suitable distance ’’ 

our tube appears to be grey throughout its length. 
Let us shake the apparatus up again and return 
it ; we shall again obtain a new arrangement of 
the black and white grains (Fig. C), but on the scale 
that we observe the phenomenon, that is to say at 
a distance, our tube remains grey. Thus the phe- 
nomenon is xmchanged,^ and observation shows us 
that it persists however long we continue this kind 
of experiment. 

The calculus of probabilities will permit us to 
give an exact interpretation of these facts. 

Let us consider the total number of permutations 
which can be made with only twenty grains ; we 
find that it is 

P,, == 20 ! = 2,432,902,008,176,640,000 
or approximately : 

P2o = 243,290 X 1013 

We can therefore arrange the twenty grains of 
our tube in more than two million million million 
different ways. 

But as we are not in a position to discern the 
individual grains at a distance, amoTig all the permu- 

^ Actually, when the number of grains is very small, 
as in our example, the nature of the grey powder may 
be slightly modified. For example, it would be slightly 
blacker in the upper part in Fig. B than in Fig. C ; 
but these differences become inappreciable to the eye as 
soon as the number of grains becomes sufficiently great. 
We shall return to this point later when discussing fluc- 
tuations. 
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tationa that we can imagine there are a considerable 
number which produce the same impression on our 
eyeSy and which on our scale of observation we call the 
same phenomenon. 

This can be recognized easily from Table I, in 
which all the possible permutations are set out. 


Table I 


Number of white and 
black grains in one of the 
halves of the tube, the 
upper half, for example.* 

Corresponding 
number of 
permutations. 

Probability of 
the appearance 
of one class of 
permutations. 

10 white 

0 black 

1 X A 

0-0000 054 

d „ 

1 „ 

100 X A 

0-0005 4. . 

8 „ 

2 „ 

2026 X A 

0-0109 7.. 

7 „ 

3 „ 

14400 X A 

0*0780 ... 

0 „ 

4 „ 

44100 X A 

0*2388 ... 

6 „ 

6 „ 

63604 X A 

0*3439 ... 

4 „ 

6 „ 

44100 X A 

0-2388 ... 

3 „ 

7 „ 

14400 X A 

0-0780 ... 

2 „ 

8 „ 

2025 X A 

0*0109 7. . 

1 „ 

9 „ 

100 X A 

0*0005 4.. 

0 „ 

10 „ 

1 X A 

0-0000 054 



184766 X A 

1-0000 ... 


A = 10 ! 10 ! = 13,168,189,440,000 = 1*3 X lO^^ 

1 The niimber of permutations corresponding to each class 
is given by the formula AT = CJo . ^ = (^lo) * . ; CJo 

is the number of combinations of 10 grains taken w at a 
time ; n thus varies from 1 to 10 according to the class 
of the permutations. In this example we have supposed 
that the white and black grains only differ from one 
another in superficial coloration, so that it can be assumed 
that all the possible combinations are equally probable. 
This would no longer be the case if the black grains had 
a greater density than the white ones ; in such an event 
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This table shows us, in the first place, that among 
all the possible permutations there are A, i.e. about 
10^^, which lead to the ten white grains being in 
the upper half and consequently the ten black 
grains being in the lower half of the tube. 

This is the number of permutations which are 
capable of leading back to the initial state, that 
is to say to the original separation of the black 
and white powders (Fig. A). 

Although the number A is very great in absolute 
value it is nevertheless incomparably small with 
respect to the total number of permutations Pjo- 
It is even very small with respect to the number of 
permutations which lead to five white and five black 
grains being in each half. 

It is obvious that this last class of permutations is 
that which gives the lower half of the tube the same 
colour as the upper half ; it is this which is the most 
numerous class of permutations and which is conse- 
quently the most probable. 

Thus, as our table indicates, it would be necessary 
to shake up the tube 184,766 times “on the aver- 
age ” in order to have one chance of getting back to 
an initial equivalent state, that is, a state producing 
the same impression on our eyes. If we only agitate 
the tube once the probability that this agitation will 
produce this initial state will thus be 1 ; 184,766, and 

all the permutations would not be equally probable and 
the law of distribution would not bo that given by Table 
I. The mixture of the greatest probability would be then 
probably a little darker in the lower half than in the upper 
half. 
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we say that the probability that the phenomenon is 
reversible on our scale of observation is 1 : 184,756.i 

Table I shows us further that the permutations 
which lead to five black and five white grains in the 
lower or upper part of the tube, and which are the 
most numerous, are 63,504 times more frequent than 
those which correspond to the complete separation 
of the two kinds of grains (initial state). 

It will now be understood why the phenomenon 
only evolves in one direction and why it is irreversible. 

If the separation of a grey powder into its two 
constituents does not occur when it is agitated it is 
not because the phenomenon is impossible but because 
it is only very slightly probable. 

When the grains which constitute the grey powder 
are fairly numerous the probability of a return to 
the original separation becomes so small that we do 
not hesitate to say that the phenomenon is im- 
possible, though in reality it is only extremely 
slightly probable. 

Such are the conclusions at which we arrive when 
we consider powders composed of even relatively 
small numbers of grains. 

^ We can go further. Let us suppose that we have 
numbered the grains ; in order to get back to an identical 
initial state^ i.e. such that the same grains occupy the 
same positions as in the initial state, it would be necessary 
to agitate the tube at least Pto times. In other words, 
the probability of the return to this identical state would 
be 1 : Pjo or 1 : 243,290 x 10^*. But such a return only 
concerns us slightly if we cannot distinguish the individual 
grains at a distance. 
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But the preceding considerations interest us from 
another point of view. They show us in a tangible 
manner that a phenomenon (white, black, or grey 
powder) can only be considered as the ap'pearance 
which the laws of chance assume, on our scale of 
observation. 

But what is to be understood by ‘‘laws of 
chance ’’ ? As Poincare has very well expressed it, 
the expression “laws of chance ” means, not neces- 
sarily the absence of laws, but laws of which the 
effects are so complex that their detailed analysis 
completely escapes us and that we can only grasp 
with difficulty the general resultant tendencies of a 
very large number of partial effects which, to some 
extent, counterbalance each other. ^ In particular, 
such are the almost infinitely complex effects of the 
agitation of powders, which are capable of arranging 
only twenty grains in a tube in more than two 
million million million different ways. 

In addition, the laws of chance are not incom- 
patible with a rigorous determinism ; we shall 
return to this point later (§16). 

In short, the example of the powders shows that 
it is essentially the scale of observation which creates 
the phenomenon (appearance). 

Closely connected, therefore, with the mystery of 
these laws of infinitely complex effects is the no 
smaller mystery of the thinking being, without 
which neither scale of observation nor, consequently, 
the phenomenon could exist. 

The foregoing shows how the calculus of prob- 

^ On the laws of chance, see Poincar6, Science et M^thod^ 
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abilities easily leads us to coast along the shores of 
metaphysics ; moreover, this will not be the last 
time that it will carry us towards these rocky shores. 

6. The irreversibility of physico-chemical 
phenomena 

If the argument which we have applied to a small 
number of grains be extended to molecules, incom- 
parably more numerous and subject to mutual 
forces the complexity of which escapes us, it will 
easily be understood why certain physico-chemical 
phenomena are frankly irreversible ; in other words, 
why the inverse phenomenon is never observed. 

First example. Let us reconsider the case of the 
diffusion of two gases into one another. Let us 
assume a priori (although, as has been said, we are 
completely ignorant of the nature of the forces which 
govern the relative displacements of the molecules 
of the gas) — ^let us assume that all the permutations 
of position which are possible with the molecules 
of these gases are equally probable. 

Among these innumerable permutations, ^ those 
which produce a mixture so uniform that any analy- 
sis, made on any part whatsoever, cannot detect any 
heterogeneity, are prodigiously numerous relative to 
those which correspond to a heterogeneity which 
can be detected by experiment. This is the problem 

^ As one cubic centimetre of gas at 0° and 760 mm. 
contains 3 x 10^* molecules, the number of permutations 
which can be made with the same number of grains would 
be 3 X 10^* 1 ; this number cannot be appreciated. 
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of the mixture of two powders, but with a number 
of elements incomparably greater. It can be 
asserted, therefore, with an infinitely small risk of 
being wrong, that the diffusion will evolve in the 
direction of a mixture as ‘‘ uniform as can be 
defined by the exactness of analysis. 

The risk will be smaller still if we say that two 
gases, once mixed, do not separate of themselves ; 
the probability of this spontaneous separation is 
then so small that our assertion is equivalent to an 
almost absolute certainty, and there is no fact of 
which we are more certain. 

Second example, A body falls in a vacuum under 
the action of its own weight ; it is stopped in its 
flight by an obstacle and the kinetic energy which it 
has acquired is transformed into heat. Let us leave 
it to cool and then communicate to it a quantity of 
heat energy equal to that developed by the stoppage. 
Experiment, repeated as often as we like, shows 
that the body does not move under the action of the 
heat energy which is communicated to it. We say 
that the phenomenon is irreversible. 

But, as in the preceding case, the reason of 
this irreversibility can be found in a problem of 
probabilities, though the phenomenon is terribly 
complex. 

In the first place, let us try to set out the facts 
which are involved. Firstly, when the body was 
falling under the action of its weight, its molecules 
assumed, independent of their motion of thermal 
agitation, a collective velocity directed from above to 
below ; it is to this collective velocity that what is 
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called in mechanics its vis viva^ its kinetic energy, 
is due. 

Then, immediately the body struck the obstacle, 
this directed kinetic energy was transformed, by 
means of the unknown molecular forces (equivalent 
in their complexity to a kind of agitation), into an 
uncoordinated motion, that is to say, into a motion 
distributed approximately equally in all directions ; 
this motion being added to the thermal agitation, 
the temperature of the body rose. 

On the other hand, it is again uncoordinated 
motion which is communicated to the body when it 
is heated, with the chimerical hope of causing it to 
re-ascend to its original level ; and this motion is 
incapable, by the very fact of its symmetrical dis- 
tribution, of giving rise to an appreciable motion of 
the whole in any direction whatever, much less 
raising the body to its initial level. 

Nevertheless, this last eventuality should not be 
immediately set aside. Let us try to state the con- 
ditions which would permit the body to re-ascend to 
its initial level. 

It might be supposed, for example, that by a 
singular coincidence, at a given instant, all the mole- 
cules which constitute the body and the obstacle 
might occupy the same positions as at the instant 
of collision, and that their velocities might be equal 
and of opposite signs to those which they possessed 
at that instant ; the molecular forces being assumed 
to be central forces. 

But this distribution would certainly not be the 
only one capable of causing the body to re-ascend. 
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An infinite number of others can be imagined, seeing 
that the fall never, so to speak, takes place twice 
under absolutely identical conditions from the point 
of view of the succession of molecular movements. 
Nevertheless, all these distributions would have one 
character in common, namely, that of presenting 
a very great dissymmetry of the components of 
the velocities directed upwards. Thus we are right 
in asking the following fundamental question, a 
question, moreover, which we shall refrain from 
answering : 

Can such a singular and dissymmetrical distribution 
of velocities be produced by thermal agitation alone ? 

To this question the opponents of the new con- 
ceptions, without knowing anything further of the 
laws of thermal agitation, will be ready to assert 
definitely that it is absolutely impossible for thermal 
agitation to produce such a distribution. It will be 
impossible to contradict them. 

On the other hand, the partisans of the new con- 
ceptions, also without knowing anything further 
about the mechanism of thermal agitation, will 
declare, equally definitely, that thermal agitation 
can bring about any distribution of velocities, no 
matter what, so long as the total energy remains 
constant. “ But,’’ they say, “ these dissymmetrical 
distributions such as those which are capable of 
projecting the body upwards from below, although 
considerable in number, are incomparably less 
numerous than the symmetrical distributions which 
leave the body apparently motionless ; just as in 
the example of the powders, the permutations which 
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lead to the ten grains being in the upper half are 
incomparably less numerous than those which corre- 
spond to a uniform mixture. The proof that our 
view is probable,” they will add, ‘'is that thermal 
agitation is actually capable of throwing very small 
particles upwards, as is seen in the Brownian move- 
ment. Therefore, in this case, more favourable to 
the dissymmetric distribution of velocities, the 
phenomenon can indeed be produced. It is a ques- 
tion of more or less, but the phenomenon is possible.” 
And they will repeat with Herodotus and Amiel : 
“ If one is sufficiently lavish with time, everything 
possible happens.” 

Such appears to be, at the present time, the point 
of view which dominates the thoughts of physicists 
concerning irreversibility. Moreover, this concep- 
tion can be extended to all irreversible phenomena, 
even indeed to the irreversibility of biological pheno- 
mena.^ 


7. The second principle of thermo -dynamics 
considered as a principle of evolution 

Let us consider, now, how the conception of irre- 
versibility is connected with the second principle of 
thermodynamics. 

The definitions which have been given of the 


^ Leaving the domain of physics and going to extremes, 
it can be supposed that infinitely complex laws are capable 
of producing all phenomena, that is to say, all phenomena 
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second principle are very often incomplete ; in fact, 
it is difficult to state it in a way which is at once 
general, rigorous, and sufficiently suggestive ; in 
addition, this principle has often been defined by one 
or other of its consequences (see Planck’s Thermo- 
dynamics), 

Examples : Heat cannot pass by itself from a cold 
body to a hot body without the production of some 
correlative modification. 

It is impossible to conceive a thermal machine 
continuously transforming heat into mechanical 
work without the existence of at least two sources 
at different temperatures. 

The quantity of energy which can be transformed 
into mechanical work is continuously diminishing; 
energy degrades itself and the universe tends towards 
immobility. . , . And so on. 

Clausius appears to have been the first satis- 
factorily to define Carnot’s principle, by introducing 
the conception of entropy. The second principle 
thus became the principle of the increase of entropy, 
or the Carnot-Clausius principle. 

We do not wish to enter here into all the consider- 
ations which even the definition of entropy necessi- 
tates. We shall confine ourselves to recalling some 
ideas absolutely indispensable to our purpose. 

Let us consider an isolated system, which we can 

which can be imagined, but with a degree of probability 
varying within almost infinite limits. 

All will he, all seems to be, and all is only nothingness. 

This is a thought of Buddha ; we are now quite in the 
domain of metaphysics. 
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choose as large as we please ; our visible universe, 
or example.^ For every state through which this 
ystem passes there exists a function the value of 
vMch depends only on the actual state of the system, and 
o which Clausius has given the name of entropy ; 
shall designate it by 8. 

We only know the value of this entropy with 
espect to a constant. In other words, we no more 
oiow the absolute value of the entropy of a body 
han we know the absolute value of its energy or its 
velocity. The variations of entropy, of energy, of 
velocity, etc., are what we can determine experi- 
nentally . ^ 

Further, when a system is in equilibrium its entropy 
s a maximum ; this involves the condition dS = 0. 

But what is particularly characteristic of the 
ntropy function is that it can only increase when 
physico-chemical phenomena occur in the interior 

^ It is necessary to observe, in this connection, that a 
ystem of infinite extent tends to approximate to an 
solated system. In fact, it may be assumed as a first 
approximation that the external forces which act on it 
tre proportional to its exterior surface, i.e. to the square 

its radius, if it be supposed to have a spherical form, 
)n the other hand, the forces which are produced in the 
nterior of the system are proportional to its volume, i.e., 
0 the cube of the radius. When the radius tends to be- 
ome infinite the external forces become negligible with 
espect to the internal forces, and the system approaches 
he conditions of an isolated system (Planck’s Thermo- 
lynamics), 

* Let it be remembered, however, that Nernst has been 
3d to suppose that the entropy of bodies (liquid or solid) 
hould be zero at absolute zero. 
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of the system. It is this change of entropy always 
in the same direction which has justified the 
second principle of thermodynamics being fre- 
quently called a principle of evolution. 

From this point of view it is useful to recall the 
form in which the second principle of thermo- 
dynamics has been stated by Langevin and Perrin. 
They say that by virtue of this principle an isolated 
system cannot pass twice through exactly the same state. 
This latter statement brings out particularly clearly 
the evolutionary character inherent in the second 
principle. 

But the point on which we would insist is the way 
in which the idea of irreversibility is connected with 
the second principle. 

Clausius has shown that when an isolated system 
passes from one state to another the entropy can only 
increase if irreversible phenomena take place in the 
interior of the system, so that the increase of entropy 
is a kind of measure of the irreversibility. 

If all the phenomena which take place in the 
interior of the system were ideally reversible the 
entropy would remain constant. But we have seen 
(4) that this is a limiting case, never realized. In 
practice, there is something irreversible in all phy- 
sico-chemical transformations, so that in reality the 
entropy of the system will not remain constant but 
will continually increase. 
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8. The physico-chemical phenomena which 
take place in the interior of an isolated 
system tend to make this system evolve 
towards states which are more and more 
probable 

This was approximately the state of the problem, 
in its main outlines, when the researches of Gibbs 
and Boltzmann appeared. 

Boltzmann’s achievement is to have shown that 
the entropy 8 of an isolated system was connected 
with the probability p of its actual state by the 
relation 

s log, p + c, 

G being an undetermined constant (see note 1, 
pages 66 and 67). 

In other words, the variable part of the entropy of 
a system is proportional to the logarithm of the 
probability of the state in which it exists. It follows 
immediately that the change of entropy between two 
successive states is proportional to the difference 
between the logarithms of the probabilities of these 
two states. Thus 

S,-S,=K (log,p, - log,p,) = K log,^ 

Vt 

As /S', — >Si is always positive, since the entropy 
of an isolated system can only increase, it follows 
that p , is greater than p , ; i.e . that the second state 
is more probable than the first. 

To say that in passing from the first state to the 
second the entropy has increased is thus to assert 
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that the system has evolved to a more probable state. 

If the system is now left to continue its evolution 
under the action of the physico-chemical pheno- 
mena which take place in its interior, it will end by 
attaining a state of equilibrium. At that moment, 
thermodynamics tells us that the entropy is a maxi- 
mum ; it will therefore be the same ivith the probability, 
which corresponds to the state of equilibrium. 

In fact, this is what has been established in the 
case of the mixture of the white and black grains ; 
the equilibrium attained by the agitation corre- 
sponds, indeed, to the most probable class of per- 
mutations, those which result in a uniform mixture 
in the two halves of the tube. This uniform mixture 
may be said to constitute the equilibrium position 
of the system under the action of the agitation.^ 

In short, classical thermodynamics teaches us 
that in an isolated system the entropy can only increase 
and that this increase in the entropy is always corre- 
lative of irreversible phenomena which occur in the 
interior of the system. 

On the other hand, we have seen (5) that the 

^ It is very evident that the system of powders which 
are agitated does not constitute an isolated system, the 
action which produces this agitation being exterior to 
the system. We have had recourse to this comparison, 
nevertheless, because it allows us to follow the detail of 
the modifications which are produced. The system of 
two gases diffusing into one another affords a more rigorous 
comparison, and one which leads to the same conclusions. 
In this case, it is the molecular agitation in the interior 
of the system which produces the mixing and the system 
can very well be considered as an isolated system. 

5 
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passage from one state to another by an irreversible 
path corresponds to the passage from a less probable 
state to a more probable state. By combining these 
two propositions we can see that the increase of 
entropy must correspond to the passage from a less 
probable to a more probable state. Boltzmann 
clearly demonstrated this by showing that the in- 
crease in the entropy is proportional to the difference 
between the logarithms of the probabilities of the two 
successive states considered. 

Finally, it results that by virtue of the second 
principle the physico-chemical phenomena which occur 
in the interior of an isolated system have the effect of 
making the system evolve towards slates which are more 
and more probable. But, as will be seen in the 
second part of this paper, this consequence is not 
absolute and it is modified by the phenomenon of 
fluctuations. 

Note 1. — W© think it well to reproduce here the out- 
lines of the reasoning which leads to the fundamental 
formula 

S log, p + (7. 

If an isolated system composed of a large number of 
corpuscles (molecules, atoms, etc.) and containing a fixed 
quantity of energy be considered, the equilibrium state 
of the system is distinguished from all others by the fact 
that its probability is a maximum (Boltzmann). More- 
over, w© have established this for the mixture of a powder 
containing an equal mrniber of white and black grains ; 
the equilibrium corresponds to the xmiform grey mixture 
of greatest probability. 

On the other hand, it is shown in thermodynamics that 
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the entropy of a system is a maximum in the equilibrium 
state. 

There is, therefore, a parallelism between the proba- 
bility of the actual state of the system and its entropy ; 
and this parallelism must be maintained whatever the 
system and whatever the conditions of equilibrium. The 
conclusion is drawn that the entropy of a system is a univer- 
sal function of its probability (Drude, Optique, II, p. 274). 

It remains to determine the form of this function. It 
can be obtained easily by the following reasoning (Planck, 
Vorlesungen uber Theorie der Warmestrahlung, 1906, p. 
136). 

Let Si and S^ be the entropies of two isolated systems, 
each absolutely independent of the other ; and let S be 
the entropy of the two systems considered as a single 
system ; then 

Si- fi.Pi) ; St = f(pt) ; S = f(p) ; 

Pit Pi, and p being the respective probabilities of the 
actual states of the two systems separately and as a whole. 

On the other hand, the probability p that the two sys- 
tems will exist “simultaneously ” in the states 1 and 2 is, 
by a well-known theorem, the product of the two proba- 
bilities ; and thus p = PiPa. 

As, moreover, the entropy S of the two systems con- 
sidered as a whole is equal to the sum Si -f S^ of the 
entropies of each of them separately, we have 

f(PiP 2 ) = fiPi) + /(Pa). 

Differentiating this expression with respect to pi (p, 
remaining constant) and then with respect to pg (pi re- 
maining constant), we obtain finally 

PiPii’iPiPt) + f’iPiPt) = 0 
or 

pnp) + np) = 0 . 

The integral of this differential equation is 
/(P) = log, p + O. 

This is the expression for the entropy S. 
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SECOND PART 

THE LIMITATIONS OF THE PRINCIPLE OF 
EVOLUTION 

9. Fluctuations in the game of roulette ^ 
(heads and tails) 

In order to bring out more clearly some of the 
essential characteristics of fluctuations we will study 
them in the relatively simple case of the game of 
roulette (heads and tails). 

Suppose that a player always places his stake (one 
shilling, for example) on the red and plays for a series 
of 2m spins. At the end of the series he finds that 
he has won (or lost) on N spins. 

The difference N — m between the number of 
spins on which he has won (or lost) and the number 
on which he would have required to win in order to 
retire from the game without gaining or losing, 
represents his gain {or his loss) ; it is the fluctuation 
for the series. 

Let us consider now a very large number of per- 
sons each playing under the same conditions for a 
series of 2m spins. Some will retire from the game 
having won, others will have lost, and finally others, 

^ In the discussion which follows we shall suppose that 
the white, which enriches the bank, is suppressed. From 
the point of view of probabilities this game of roulette 
is exactly equivalent to the game of heads and tails. 
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having won and lost exactly m spins, will retire 
without having either gained or lost. 

Let us now take the sum E{N — m) of all these 
differences, whether they concern gains or losses, 
and let us divide this sum by the total number of 
players, including those who have neither gained 
nor lost. The quotient thus obtained will be the 
mean fluctuation e, that is to say, the gain or loss 
which a player makes ‘‘ on the average ” in a series 
of 2m spins ; e is sometimes called his “ mathe- 
matical expectation.” 

If we now consider longer and longer series of 
spins the calculus of probabilities leads to an im- 
portant conclusion, namely, that the mean fluctu- 
ation increases proportionally to the square root of 
the number 2m of spins in the series. 

This result and the consequences which it involves 
are clearly shown in Table II. 

Table II 



m = 100. 

m « 10,000. 

m = 1,000,000. 

m = 100,000,000. 

e 

6-64 

66-4 

664 

6,642 


10 

100 

1,000 

10,000 

6 

m 

0-066 

0-0066 

0-00056 

0-000066 

m -f- e 

m 

l±0-056 

1±00056 

1± 0-00066 

1± 0-000056 


We draw the two following conclusions from these 
figures : 
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(1) The absolute value e of the gain or the loss which 
a player makes on the average ’’ is greater the greater 
the number of spins in the series ; it increases propor- 
tionally to the square root of the number of spins in 
the series. 

It immediately follows that “ on the average ’’ 
the longer a player continues to play the greater 
are his chances of enriching or of impoverishing 
himself ; but this enrichment or this impoverish- 
ment is not proportional to the time for which he 
plays, but to its square root. This result appears 
to be peculiar at first sight, but it is explained by 
the fact that compensation spins occur in long series 
which generally do not arise in the shorter series. 

(2) In the second place, we see that the ratio 

(between the number of spins on which a 
m 


player has won or lost, and the number of winning 
or losing spins which the chance of the game assigns 
him) is nearer to unity the larger the number of spins in 
the series. This follows immediately from the fact 
that e is proportional to Vm ; the expression 



tending towards unity when m becomes 


very great. 

This second expression is essentially only one of 
the forms of the law of Urge numbers which was stated 
for the first time by Daniel Bernoulli. 

To sum up : though the player’s gain or loss in- 
creases “ on the average ” as the game is prolonged, 
the ratio of the number of spins on which he has 
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won to the number of spins on which he has lost 
tends towards unity. In addition, this ratio does 
not affect the state of the player’s bank ; only the 
absolute value of the fluctuation at the end of the 
series enriches or impoverishes him. 

These considerations will permit us to attack the 
problem of fluctuations in physico-chemical pheno- 
mena, but we will first examine what happens 
in the more concrete example of the mixture of 
powders. 

10. Fluctuations in the mixture of two powders 

Let us examine more closely, therefore, what 
happens when an intimate mixture of black and 
white grains is agitated. 

Table I (page 52) shows us that the most probable 
permutations, and consequently those which appear 
most frequently, are the ones which result in five 
black and five white grains being in each half, that 
is, those which correspond to a uniform mixture of 
the two kinds of grains. But these are not the 
only ones ; the permutations which yield six white 
grains and four black grains in the upper half and 
six black grains and four white ones in the lower 
half, or vice versa, will also arise, though less often. 
The permutations of seven white grains and three 
black ones, etc., will appear more infrequently, and 
so on. The probabihties of the appearance of each 
kind of permutation are given in colunm 3, Table I. 

Briefly, during all the time that the tube is agi- 
tated, the composition of the mixture which fills each 
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half of the tube will oscillate round the most probable 
value, which, we have seen, corresponds to a uniform 
mixture, or to what can be called the theoretical 
equilibrium. These oscillations round the most 
probable value, that is to say round the position of 
equilibrium, are now called fluctuations. 

Essentially, the effect of these fluctuations will be 
to make the mixture in one half of the tube sometimes 
whiter, sometimes blacker than the uniform mixture 
of greatest probability, in the same way as the game 
of roulette has the effect of making the player some- 
times richer, sometimes poorer than the chance of 
the game would indicate. 


Mean value of the amplitude of the fluctuations 

In a large number of problems it is useful to know 
the mean value of the amplitude of the fluctuations. 

In the case of our powder of twenty grains it can 
easily be deduced from the following table ; 


63,504 A fluctuations of amplitude 0 grains = 
2 x 44,100 A „ „ „ 1 = 

2 X 14,400 A 

2 X 2,025 A 

2 X 100 A „ „ 

2 X 1 A „ 


88,200 A 
57,600 A 
12,150 A 
800 A 
10 A 


The mean value of the fluctuation is ; 

158,760 A 


158,760 A 


184,756^ 


= ± 0*86 grains.^ 


^ The calculation is carried out by multiplying the 
probability of each kind of fluctuation (Table I, column 3) 
by its amplitude and summing all these products. 
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That is to say, the composition of the mixture 
during a ‘‘ very long series of agitations ’’ will differ 
on the average ’’ from the uniform mixture by 
±0-86 black or white grains. 

If, now, we examine how the mean fluctuation e 
varies when the number of grains which constitutes the 
powder becomes greater and greater^ i.e. when the 
powder which fills the tube is finer and finer, we find 
a result analogous to that mentioned in the case of 
roulette, that is, that the absolute value of the mean 
fluctuation continually increases ; it increases pro- 
portionally to the square root of the number of grains. 
Thus, if a powder of 20 grains gives a mean fluctu- 
ation of ± 0-86 grains, a powder of 100 grains will 
give a mean fluctuation of approximately db 0*86 


100 


20 


= ± 1-92 grains, and so on. 


The law of large numbers 

Let us now designate the total number of grains 
in our powder by 2m {m being the number of grains 
of each colour). If we consider the mixture in one 
of the halves of the tube, the number of grains of 
each colour which corresponds to the most probable 

lYh 

mixture will be — (5 in the case of the powder of 


20 grains). 


m 


The ratio 


m 


will tend towards unity the 
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greater the value of m, as in the game of roulette ; 
as before, this results from the fact that e increases 
proportionally to the square root of m. 

In other words, when the number of grains of 
which the powder is composed is indefinitely in- 
creased, the influence of the mean fluctuation on the 
composition of the mixture becomes smaller and 
smaller and finally becomes negligible. Therefore, 
the composition of the powder tends more and more 
to become that which corresponds to the most 
probable mixture, to that which has been called 
the equilibrium. 

Graphical representation of the distribution of 
fluctuations 

With the help of Table I (in which are given all 
the possible permutations) we can draw a curve, 
taking as ordinates the number of permutations of 
each category and as abscissse the deviation of the 
corresponding composition of the mixture from the 
most probable value of this composition. For 
example, the permutations which result in seven 
white grains and three black grains in the upper 
part of the tube have a deviation of + 2 white 
grains from the most probable value of the mixture, 
which is five white grains and five black grains ; 
we shall therefore take as abscissa the value 2 
and as ordinate 14,400 A. 

The curve thus obtained is shown in Fig. 2. It 
is symmetrical on either side of the most probable 
value, which indicates that the probability of a 
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positive deviation is in this case equal to the prob- 
ability of a negative deviation of the same amplitude. 

In addition, the most probable value of the mix- 
ture is equal to its mean value ; this follows imme- 
diately from the symmetry of Table I on either side 
of the maximum value. 

It should not be imagined, however, that all 
curves showing the distribution of deviations roimd 
the most probable value are necessarily symmetrical, 



-X -5 -4 -3 -2 -I “O +1 +2 +3 +4 ■♦•5 + X 

Fia. 2. 

as in the case of the mixture of powders, or that 
of the game of roulette, which we have so far con- 
sidered. 

The curve showing the distribution of the molec- 
ular velocities in a gas (for example) round the most 
probable value (Maxwell's distribution law) is not 
at all symmetrical ; and it is known that the most 
probable velocity is not coincident with the mean 
velocity. The curve in Fig. 2 is therefore only 
a particular case of the distribution of deviations, 
but a particularly important case. 
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The ordinates of this curve are proportional to 
the squares of the coefficients of the binomial equa- 
tion (see the formula, footnote, page 52) ; or 

1 + + (ci)^ + . . . + (cr‘)H 1 

and the curves come within the category of sym- 
metrical probability curves. ^ 

Finally, it may not be without value to remark 
that all the curves showing the distribution of 
deviations which are symmetrical on either side of 
the most probable value are not necessarily in this 
class. 

Analytical representation of the distribution of 
fluctuations 

When the number of ordinates of the curve be- 
comes very large (that is, when the number 2m of 
grains constituting the powder greatly increases), 
it is generally advantageous to represent the distri- 
bution of the velocities by a continuous function 

y 

In the case of the powders and that of the game 
of roulette this expression is of the form 

y = Ce-***’ (1) 

where C and k are two constants. 

^ In the game of roulette the ordinates of the curve 
showing the distribution of the deviations round the most 
probable value are directly proportional to the coeffici- 
ents of the binomial equation 

i + d + d + ... 1 = (1 + 1 )“ 

The curve obtained is also a symmetricaljprobability curve. 
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It is important to observe that the formula (1) 
is only applicable if the grains are sufficiently 
numerous. In addition (and it is well to remember 
this) the formula is entirely deduced from the laws 
of combinations, permutations, and the like ; it rests 
on no other hypothesis^ 

Usually, in the theory of probabilities, the expres- 
sion (1) is put in a more convenient form by writing 


it C = 


Nk 
V 71 * 


N being a new constant, the significance 


of which in the problem of the powders will be shown 
presently. The formula (1) then becomes 


y = 



( 2 ) 


In the case of the problem of the powders k = 


2 

Vm 


2 


It is easy to see that the constant N represents 
the total number of permutations which can be 
made with 2m grains. 

In fact, the area contained between our curve 
and the axis of x represents the total possible 
number of permutations. 

Thus, by definition we have 

00 

^'2m = 2 j y dx. 

0 


^ Borel, Elements de la tli6orie des probabilit^s, p. 48, 
* In the case of the game of roulette we have k 

ym 
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Substituting in this expression the value of y 
given by (2) and integrating, ^ we obtain 

The mean fluctuation can also be explained by 
means of the continuous function (2). In fact, this 
mean fluctuation is by definition equal to the sum 
of all the deviations (taken without respect to their 
signs) divided by the total possible number of 
permutations. It can thus be expressed by 


CO CO 

2^x y dx I X 

. 0 __0 

“ 00 00 

2 ^ y dx j 


By integrating we have, finally. 


e == 



^ a / ~ ± ^Vm 

^ ^ 7t 


It follows immediately that the ratio 


m 

¥ 




m 

Y 


1 It is known that the definite integral J ^ 
- 0 

the value 

2k 


has 
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tends towards unity as m increases, as is required 
by the law of large numbers. 

11. Fluctuations in physico-chemical 
phenomena 

We shall confine ourselves to giving some examples. 

(a) The displacement of the particles in the Brownian 
movement. It is known that the disordered agita- 
tional motion which is observed when very small 
particles are suspended in a fluid is attributed to 
the collisions of these particles with the molecules 
of the fluid, caused by thermal agitation. But 
the essential characteristic of this movement is 
its absolute irregularity. 

In fact, the trajectory of a single particle cannot 
be predicted by any means whatever. At each 
collision a sort of roulette problem is presented. 
Will this collision have the effect of making the 
particle ascend or will it make it descend ? will it 
send it to the right or to the left ? will the resulting 
displacement be greater or less than the mean dis- 
placement which in general results from a collision ? 
and so on. We can no more reply to all these ques- 
tions than we can say in a spin at roulette the red 
will turn up rather than the black. 

But let us observe the position of the particle 
at the end of a time t. If all the actions were 
rigorously compensated the particle would be found 
in its initial position ; but this case is relatively 
very rare when the number of collisions is consider- 
able ; in the same way as it is very rare for a player 



80 PHYSICO-CHEMICAL EVOLUTION 


to retire from the game of roulette after a consider- 
able number of spins without gain or loss. What 
causes the displacement of the particle, just as it 
impoverishes or enriches the player, is the absolute 
value of the fluctuation ; in the case of the Brownian 
movement it is the collisions which do not compen- 
sate each other’s effects. 



r = E 
Fig. 3. 


For example, let 1, 2, 3, 4, . . . (Fig. 3) be 
the trajectories of a large number of identical par- 
ticles which start successively from the same origin 
0. Let us suppose that we are able to photograph 
these trajectories during all the time t for which 
we observe each of them. 
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We should then see that at the end of this time 
t some are relatively far from the origin and that 
others have nearly or quite returned thereto. But 
“on the average’’ they will be at a distance r 
away from it, given by the expression 

ri + ^2 + 1*8 + ^ 

N 

N being the total number, supposed very great, of 
the particles ; e = r is then the mean fluctuation,^ 
In order that this mean fluctuation should have 
twice the value, 2r, it is necessary that there should 
be four times the number of collisions under the 
same conditions, that is, that we should observe 
for a time 4^. Similarly, in the game of roulette 
it is necessary to quadruple the number of spins 
in order to double the absolute value of the mean 
fluctuation. 

We thus obtain the law of the Brownian move- 
ment proved by Einstein 



a law which under different forms is verified by 
experiment, and of which the laws of diffusion can 
be considered as an immediate consequence. 

(6) Critical opalescence. In the neighbourhood of 
the critical point there is very often observed an 

1 In Fig. 3 the number of particles has been reduced 
to four for the sake of clearness ; but it is obvious that 
the law of the Brownian movement could not be deduced 
from the observation of such a small number of particles. 

6 
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opalescence phenomenon which is very largely 
analogous to the well-known Tyndall’s phenomenon. 
This is, that at the moment of liquefaction the 
fluid medium becomes opalescent ; it scatters light 
in the same way as a clouded solution containing 
particles in suspension ; and, as is well known and 
can be shown experimentally, this more or less 
bluish light is polarized. 

This critical opalescence phenomenon is actually 
attributed to fliictuations of density. In fact, at 
the critical point the coefficient of compressibility 
tends to become infinite ; it follows that the least 
accidental change in the pressure produces a very 
appreciable variation in the density at any point 
in the fluid. Therefore instead of the medium 
behaving as if it were homogeneous it will behave 
as if it were composed of a very large number of 
elements of different density, greater or less than 
that which corresponds to equilibrium ; and these 
elements of different density will have the same 
effect on the incident light as the particles in sus- 
pension in a clouded solution ; whence the pheno- 
menon of opalescence. 

(c) The blue of the sky. According to Einstein’s 
theory the blue colour of the sky and the polariza- 
tion of its light is also to be attributed to fluctuations 
of density, that is to say, to a phenomenon of the 
same nature. 

Now in these two cases the calculation of the 
fluctuations, based on probabilities, leads to conse- 
quences which are in good numerical agreement 
with the results of experiment. 
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It would indeed appear that in the Brownian 
movement there is an experimental proof of the 
actual existence of fluctuations. 

Important note. The investigation into the 
game of roulette which is summarized in Table II 

(p. 69) indicates that the ratio ^ ^ ^ differs more 

m 

from unity the smaller the number of spins in a 
series. The smaller this number the more ‘‘ rela- 
tively ” important are the fluctuations. The con- 
sideration of the mixture of the two powders has 
led us to the same conclusion. 

Similarly, in the fluctuations of density, the ratio 
of the density of an element of volume to the mean 
density of the fluid will differ more from unity the 
smaller this element and the fewer the molecules 
concerned. 

As the number of molecules concerned in physico- 
chemical phenomena is always considerable, it 
follows that, in general, it would be necessary to 
be able to choose an extremely small element for 
the relative importance of the fluctuations to be 
appreciable. 

Thus in the majority of cases fluctuations cannot 
be observed experimentally on account of the smallness 
of the space and of the time which can be devoted to 
the experiment. 
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The generality of the phenomenon of fluctuations 
in physical chemistry 

Though the phenomenon of fluctuations has only 
been detected experimentally in a small number of 
cases in physical chemistry, it is nevertheless per- 
missible to consider it as a general phenomenon, 
inherent in all the kinetic theories which involve 
the conception of mobile equilibrium, that is to say, 
in all the kinetic theories of physical chemistry. 

In this paper we have limited ourselves to the 
consideration of fluctuations of coloration (the grey 
powder), of position (the Brownian movement), and 
of density (the phenomenon of critical opalescence 
and the blue of the sky) ; the first are produced 
by the action of the mechanical agitation of the 
powder, the last two by the action of that no less 
complex agitation which is called ‘‘ thermal agita- 
tion.’’ 

But this conception of fluctuations can be ex- 
tended and generalized to many other magnitudes ; 
fluctuatibns of temperature, fluctuations in the 
equipartition of energy, fluctuations of molecular 
velocities, fluctuations in the paramagnetic orien- 
tations of the molecules of a gas, fluctuations in 
chemical composition, fluctuations of dissociation, 
etc., etc. 

In order to fix our ideas, let us consider the case 
of dissociation of iodine vapour under the action 
of temperature. 

At a pressure of 40 cm. and a temperature of 
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1,300° C. it is found by the measurement of the 
density and Avogadro’s law that the degree of 
dissociation is about 0*75 ; this means that ‘‘ on 
the average ” under these conditions 75 molecules 
out of every 100 are dissociated (that is, monatomic). 

Let us translate this experimental fact into the 
language of the kinetic theories. Under the action 
of the molecular collisions resulting from the thermal 
agitation a certain number of diatomic molecules 
are dissociated each instant, whilst a certain number 
of dissociated molecules recombine on account of 
the accidental meetings and beeome again diatomic. 

The probability that at any instant all the mole- 
cules will be dissociated by the molecular impacts 
is, if not nil, at least very small ; the probability 
that none will be dissociated is also almost nil. 
The proportion of 75 molecules dissociated out of 
every 100 which constitutes the equilibrium under 
the conditions of the experiment must correspond 
to the maximum probability. But this equili- 
brium is not invariable ; it is a mobile equilibrium, 
characterized by the fact that at each instant there 
are approximately ^ as many molecules of iodine 
dissociating and becoming monatomic as there are 
dissociated molecules recombining. The degree of 
dissociation therefore varies at each instant because 
of this “ approximately,^’ and it is these oscillations 
round the most probable value that constitute the 
fluctuations of the dissociation for the state of 
equilibrium considered. 

Examples like this could easily be multiplied. 

^ Sometimes more, sometimes less. 
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12, The limitations imposed on the second 
principle by fluctuations 

This leads us to the consideration of the limitations 
which fluctuations impose on the second principle 
of thermodynamics. 

We have seen that it can be assumed by virtue 
of that principle, that the physico-chemical pheno- 
mena which take place in the interior of an isolated 
system have the effect of making the system tend 
towards states which are more and more probable, 
so that the system attains a state of equilibrium 
when the probability of this state is a maximum 
in the analjd/ical sense of the word. 

Should this consequence of the second principle 
be considered as absolute ? 

The phenomenon of fluctuations which we have 
just examined allows us to reply that this is not 
rigorously the case. 

In fact, as we have just seen, at the moment of 
equilibrium the system is not in an invariable state, 
but on account of its fluctuations, it oscillates round 
a most probable value which is its theoretical 
equilibrium. It follows that the entropy, always 
proportional to the logarithm of the probability, 
will undergo oscillations which will remove it to a 
greater or less extent from its theoretical maximum 
value. Thus the entropy will have a “ mean value 
slightly smaller than that which corresponds ex- 
actly to the most probable value. When thermo- 
dynamics tells us that at the moment of equilibrium 
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the entropy is a maximum it does not take the 
fluctuations into account because it assumes them 
to be without practical importance, which it is 
permissible to do in the majority of cases. This 
does not make it less interesting to show that by 
reason of this fact the phenomenon of fluctuations 
imposes a first restriction on the second principle 
of thermodynamics. 

But the restrictions which fluctuations are capable 
of imposing on the second principle can be much 
more serious. 

In fact, it is possible to suppose that a fluctuation 
of large amplitude is able, theoretically at least, 
to make the system return to an anterior state, 
or even to its initial state ; thus making the entropy 
decrease, not only by quantities inaccessible to 
experiment, but making it proceed altogether in the 
reverse direction. This would then be the pure and 
simple negation of the second principle. 

In paragraph (14) we shall discuss in more detail 
this possible return to the initial state, but we 
shall confine ourselves for the present to showing 
that the phenomenon of fluctuations removes, at 
least theoretically, the absolutely rigorous character 
which is usually accorded to the second principle 
of thermodynamics and to the numerous conse- 
quences which follow from it. 

13. Fluctuations in biological phenomena 

We have just seen that physicists have only 
succeeded with difficulty in detecting the pheno- 
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menon of fluctuations in laws which, at first sight, 
would have been thought to be absolutely precise. 

As has been said, this difficulty arises principally 
from the prodigious number of elements (atoms, 
molecules, etc.) which are involved in the smallest 
physical phenomenon. The law of large numbers 
is generally satisfied with a precision which greatly 
exceeds the delicacy of our experimental methods 
of investigation. 

The contrary is the most frequently the case 
when biological statistics are considered. 

The number of elements which are involved in 
statistics of this type is then incomparably more re- 
stricted and the amplitude of the fluctuations is such 
that they very often mask, at first sight, the general 
tendency, which is the statistical law. 

For example, suppose we desire to ascertain the 
ratio of the number of masculine births to the 
number of feminine births, and let us limit our 
inquiry to a single family taken at random in any 
country whatsoever ; it will be impossible for us 
to arrive at an exact conclusion. Under these 
conditions, therefore, we can no more obtain the 
general law than we can deduce the law of the 
^splacement of the particles in the Brownian move- 
ment by the observation of the trajectory of a 
single particle for a relatively short time. 

In both cases it may be said that the fluctuation 
masks the general tendency. 

But if we extend our inquiry to the whole of a 
country, or better still to several countries, we find 
that the ratio of masculine births to feminine births 



PHYSICO-CHEMICAL PHENOMENA 89 


is approximately the same everywhere and in the 


neighbourhood 

of 

1*05. 



Norway . 


1056 

Wurtemburg . 

. . 1*043 

Russia in Europe 


105 

Baden 

. . 1*049 

Denmark . 


1*05 

Great Britain 

. . 1*053 

Finland . 


1049 

Austria . 

. . 1*061 

Croatia, Slavonia 


1*058 

Switzerland . 

. . 1*052 

Russian Poland. 


1*01 

Belgium . 

. . 1*047 

Roumania 


M08 

Holland . 

. . 1*052 

Serbia 


1*058 

Italy 

. . 1*063 

Prussia . 


1*053 

Spain 

. . 1*083 

Alsace-Lorraine . 


1*051 

Greece 

. . 1*138 

Bavaria . 


1*052 

Portugal . 

. . 1*071 

Saxony . 


1*05 

France . 

. . 1*047 


To this difficulty arising from the more restricted 
number of the elements in biological statistics is 
to be added a second which is not less important : 
the uncertainty which is usually experienced of 
the homogeneity of the biological material on which 
the inquiry is carried out. 

In fact, it is only by experimenting on an abso- 
lutely homogeneous material, or at least on one of 
well-defined homogeneity, that it will be possible 
to obtain really useful conclusions from the statistics. 

Similarly it is in general more profitable to science 
to study the physical properties of a pure substance, 
a gas for example, than those of some badly defined 
mixture of all sorts of substances. 

Whilst it is possible that this latter study wiU 
lead to interesting results, it is beyond doubt that 
the results of these experiments will be, if not 
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absolutely incapable of interpretation, at least ex- 
tremely complicated. 

But what is a homogeneous biological material 
and how can this homogeneity be recognized ? 

In a general way it appears that the more the 
individuals to whom the statistics refer are related, 
that is to say the more alike they are by reason 
of heredity and the conditions under which they 
have developed, the easier it will be to arrive at 
a definite conclusion with a relatively restricted 
number of individuals ; the easier it will be also 
to interpret with security the results of the 
statistics. 

Thus there would be more chance of being able 
to draw a useful conclusion from the statistics by 
working with selected races, raised under definite 
conditions (Chodat). 

It is true that it has been objected to this method 
of investigation that the conditions of the labora- 
tory are not those of nature, and that these labora- 
tory statistics would not necessarily be applicable to 
the development of the same individuals if they 
were produced naturally. This is incontestable, 
but the conclusions from these simplified experi- 
ments do not the less permit, in general, the inter- 
pretation with more security of what actually happens 
in nature. 

The biologist who experiments on carefully 
selected races under simplified conditions differing 
but little from those of nature is in the same position 
as the physicist who, desiring to know the laws of 
the atmosphere, commences by studying the laws 
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of gases under simpler conditions, with a smaller 
number of independent variables. He wiU study 
first their compressibility at constant temperature 
and will obtain Boyle-Mariotte’s law ; then he 
will experiment at constant pressure, the tempera- 
ture being variable, and the result will be Gay- 
Lussac’s law. In possession of these two laws, he 
will be in a better position to attack the study of 
.the atmosphere and to interpret the phenomena 
which occur therein. 

The interpretation of biological statistics 

Every one who possesses a little patience can 
compile statistics in any domain whatever. It is 
more diflScult to do it under conditions such that 
the results can be interpreted, and in this connec- 
tion we have just seen that by experimenting on 
pure lines, for example, the chances of arriving at 
a sound interpretation are considerably increased. 

This interpretation remains a very delicate task, 
and the biologist will be the better able to perform 
it the more completely he knows the material on 
which the investigations have been carried out, the 
deeper his general knowledge of biology, the better 
his judgment, and the more he is possessed of a 
scientific mind. 

But independently of these requirements, which 
are most essential and which it is almost common- 
place to recall, biometry has placed at the disposi- 
tion of its disciples quite a series of rules and of 
methods of calculation to facilitate the interpreta- 
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tion of biometric statistics and to permit the easier 
recognition of the general tendencies, the statistical 
laws. 

Such are, for example, the methods for resolving 
any curve whatever into a certain number of sym- 
metrical probability curves, and so on. 

In order to bring out more clearly the analogies 
between these methods and the interpretation of 
experiments in physical-chemistry, a concrete ex- 
ample will be taken. 


y 



Let us suppose that statistics referring to a par- 
ticular character (the height of an adult, for example) 
have been compiled from a group of 10,000 indi- 
viduals, chosen haphazard from a very numerous 
biological material, and that the results are repre- 
sented by the continuous curve in Fig. 4. 

In this curve the abscissa x represents the height 
measured, and the ordinate y is what is called the 
frequency, or the number of individuals having 
exactly this height x. 
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Let us take from the same biological material a 
new group of 10,000 individuals, then a third, and 
so on, and construct similar curves of the distri- 
bution of height. 

If these various curves approximately coincide, we 
conclude that the distribution of height for the 
material studied follows a general tendency which 
is independent of the individuals chosen, provided 
that the number measured is large enough and that 
they are chosen at random. 

We could not conclude that the material is homo- 
geneous, in the sense that it concerns a pure race ; 
it might very well be composed of an intimate 
mixture of two or more species. The curve in 
Fig. 4, indeed, represents in this case the general 
tendency ‘‘ for the mixture investigated,’’ but it 
would be modified if the proportion of the two 
species in the mixture were varied. It might be 
said that in this case the material constitutes a 
popukition. The biologist will then be exactly in 
the position of the physicist who, by taking samples 
from a mixture of gases, shows that the properties 
of this mixture are independent of the place from 
which the sample is taken. 

But we are concerned with interpreting the result 
represented in Fig. 4. For this purpose the bio- 
logist will endeavour, for example, to resolve the 
curve into two or more simpler distribution curves. 
Let us suppose that this analysis has permitted him 
to consider the curve with the double peak in 
Fig. 4 as the result of the superposition of two 
symmetrical probability curves (dotted curves) ; he 
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would then have recourse to his biological know- 
ledge to interpret this result. 

If he has reason to believe that his biological 
material is a mixture of two different species, one 
of smaller stature, the other of greater stature, 
it will seem natural to him to consider the curve 
on the left as representing the distribution of height 
for the first species, and that on the right as con- 
cerning the taller race. 

The area comprised between each of our curves 
and the x axis ^1 give the number of individuals 
of each species, and consequently the proportion 
of the mixture. He would then be able to study 
other characters and see whether these conclusions 
were confirmed. 

Let us remark, however, that a set of statistics 
can rarely be interpreted in such a simple manner 
as this. In particular, the biological material, 
“above all, if it is taken direct from nature,’’ may 
very well contain, not only the two species, but in 
addition, if they are neighbouring species, the 
results of their crossings, and these products of 
crossings may or may not follow Mendel’s law 
relative to the character investigated. It follows 
that the interpretation of the statistical curve may 
become extremely difficult. Finally, it is important 
to observe that such a material may behave, relative 
to one character, as a homogeneous material, and 
no longer do so with respect to another character. 
For example, by the investigation of such a character 
a very definite probability curve might be obtained, 
which would point to the existence of a pure race. 
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Then, passing to the statistical investigation of 
another character, using the same material, a double- 
peaked curve might be obtained, which would indi- 
cate the existence of two species, or at least of 
dimorphism. 

It is therefore possible for the biologist to be 
exactly in the position of the physicist who studies 
the laws of the dilatation or of the compressibility 
of rarefied gases. It is immaterial to him on what 
gas he investigates these laws. Whether the gas 
be pure or whether it is a mixture of rarefied gases 
which have no chemical action on each other, the 
result will always be the same within certain limits j 
either Boyle-Mariotte’s law or Gay-Lussac’s law. 
This would no longer be the case if his investiga- 
tion concerned the density or some other specific 
property. 

Certain characters, therefore, may be imagined 
to be common to neighbouring species, and those 
characters, considered by themselves, might create 
the belief in the existence of a single species. 

Finally, even when working with pure lines, the 
curve showing the distribution of the deviations 
is not necessarily symmetrical, and similar to a 
probability curve, whatever the character investi- 
gated. It is not apparent, in fact, why the increase 
of a character should always be as probable as its 
diminution. We have seen that in the domain of 
physics the distribution of the molecular velocities 
of a gas (Maxwell’s law) is not symmetrical on 
either side of the most probable velocity ; the 
probability of a given increase in the velocity is 
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not, therefore, equal to that of a diminution of 
the same magnitude. 

The significance of symmetrical probability curves 

What conclusions should be drawn when the 
statistical examination of a character leads to the 
representation of the deviations round the most 
probable value by a symmetrical probability curve ? 

In order to reply to this question it is best to 
return to the theory of accidental errors which is 
considered in the calculus of probabilities. 

In this connection it will be recalled that Gausses 
law on the accidental errors can be proved from the 
following hypotheses (Poincar6) ^ the actual error 
is the resultant of a very large number of partial and 
independent errors ’’ (or, which comes to the same 
thing, errors which are inter-related by laws whose 
effects are almost infinitely complex, such as those 
of mechanical or thermal agitation) ; “ all these 

partial errors are very small, and in addition each of 
them may obey any law of probability whatever, 
provided that the probability of a positive error is 
the same as that of an error equal to it and of opposite 
sign'' 

Let us try to apply these considerations to a 
concrete example ; and suppose that the sym- 
metrical probability curve represents the distribu- 
tion of the height of the adults in a certain country. 
We say then : whatever may be the complexity of 
the causes which have the effect of modifying the 
^ Science et Hypothese, p. 241. 
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height of an individual, on the whole they tend to 
produce a type the height of which corresponds to 
the mean height,^ in the same way as at the game 
of roulette the player tends to win one spin out 
of every two* 

Further, we can suppose that a multitude of 
causes, independent of each other or related by 
extremely complex laws, all act so as to cause 
deviations from this mean height sometimes in one 
direction and sometimes in the other, the probability 
of a positive deviation being always the same as 
the probability of a negative deviation of the same 
amplitude. In the example which we have chosen 
these causes may be the quality or the quantity 
of the food, the manner of life, heredity, the climate, 
etc., etc. 

Such is the meaning which may be attached to 
symmetrical probability curves, but it is by no means 
proved that this is the only one. 

The formula y == niay, in fact, be based 

on considerations quite different from those which 
have been adduced. 

Psychological Statistics 

If, now, we pass from biological statistics to those 
compiled in the domain of psychology, the difficulties 
of a satisfactory interpretation increase further. 

1 This results from the fact that in symmetrical proba- 
bility curves the most probable value coincides with the 
mean value on account of the symmetry of the curve about 
the maximum. 

7 
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The individuals on whom this type of investiga- 
tion are made are often very dissimilar, not only 
psychologically at the time of the experiment, but 
on account of the anterior conditions of their 
existence ; the number which it is thought neces- 
sary to group together for the study of a particular 
character is often very small ; their choice as well 
as the numerical evaluation of the character may 
be more or less arbitrary. It is therefore natural 
that under these conditions there is less hope of 
being able to draw a definite conclusion. 

Nevertheless, if the deviations follow Gauss’s law, 
it is permissible to apply the same general considera- 
tions to the results of these statistics as to those 
relating to physico-chemical or biological phenomena. 
It is still necessary, in order that this application 
may be justifiable, that the statistics should be 
based on a ‘‘ very large number of cases.” Other- 
wise the derivation of a probability curve will be 
simply a coincidence. 

But whatever the difficulties inherent in the inter- 
pretation of psychological statistics, they can, never- 
theless, be extremely useful. Very often they bring 
out interesting correlations^ though they do not 
always explain them. Examples of this are to be 
found in the correlation between the form of the 
cranium and criminality ; in the progressive in- 
crease in the number of errors which a calculator 
commits with the time which he has worked ; and 
so on. 



PHYSICO-CHEMICAL PHENOMENA 99 


14. The consequences of an individual action 
on the molecules 

(The hypothesis of Maxwell's demon) 

When we have obtained a uniform grey powder 
by the agitation of two powders, black and white, 
what means have we at our disposal for reproducing 
the initial state, that is to say, for separating the 
black grains from the white grains ? 

Actually, there are two methods. 

The first consists in continuing the agitation till 
a fluctuation leads to some permutation which is 
equivalent to the initial state. 

Unfortunately, this method is generally desper- 
ately long. In the case of only 20 grains this 
fluctuation would only occur, on the average, once 
in 184,756 agitations (see Table I, page 52). If 
the tube were shaken up once per second, it would 
take on the average " not less than two days for 
the desired fluctuation to occur. 

But when the powder is composed of a very 
much larger number of grains, as in the case of the 
molecules of two mixed gases, the thermal agitation 
would not have to proceed for days only, but probably 
for millions of centuries, in order that there might 
be a chance of the fluctuation in question being 
suddenly produced. This is as much as to say that 
we must give up hope of this miracle occurring. 

The second method at our disposal for resolving the 
grey powder into its elements consists in sorting out 
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the grains of each colour, that is to say, in exercis- 
ing an individual action on every one of them. This 
method can be employed if the grains are neither 
too small nor too numerous ; we should not fail 
to use it in the case of our powder of 20 grains. 

Unfortunately, this very simple method ceases to 
be of use when we penetrate into the region of 
molecular magnitudes. 

We then have neither a sense suflSciently fine 
nor fingers sufficiently delicate to exercise an action 
of this t 5 ^e on the molecxiles individually. It is 
this incapacity, when we are concerned with isolated 
molecules, which is the cause of the evolution 
towards the most probable states, that is to say, in 
the direction indicated by the laws of chance, which 
always occurs in practice. It is this which makes 
us include among the principles which govern our 
experimental laws the second principle of thermo- 
dynamics, the exact significance of which has just 
been demonstrated. 

But that which is impossible for us may be 
possible for other agents. Let us conceive a being 
sufficiently tenuous, able to pass in and out between 
the molecules and to act individually on each of 
them like Maxwell’s demon, and the second principle 
of thermod 3 mamics will not exist. This being will 
be able at will to cause our phenomena to proceed 
in a direction opposite to their probability ; in the 
language of thermodynamics, he will be able to 
cause the entropy to diminish. In this way it 
would be possible for him to sort out and manipulate 
the molecules of a homogeneous mixture of gases 
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in such a way as to re-establish the original separa- 
tion, to our great amazement. 

Similarly, by acting on the molecules of a mass 
of tepid water he would be able to separate the 
molecules possessing a high velocity (hot molecules) 
from those having a lower velocity (cold molecules), 
and thus to obtain hot water and cold water, with- 
out any change in the total energy. By means of 
these two sources at different temperatures it would 
be possible for him to work a heat engine producing 
mechanical work according to the ordinary prin- 
ciples of our thermodynamics. 

It follows that if we knew how to carry out this 
sorting out of hot molecules and cold molecules, 
transatlantic liners would no longer have to carry 
coal ; the energy for their propulsion would be 
found in the ocean, which constitutes an enormous 
reservoir of molecular kinetic energy. This 
manipulation would permit us to obtain the two 
sources at different temperatures which are in- 
dispensable to the working of all heat engines. 

In short, it is our inability to co-ordinate molecular 
motion which renders almost useless to us the vast 
quantity of mechanical energy which it represents, 

A hypothesis on the action of certain catalysers 

But though we cannot act on the individual 
molecules, is it possible that there are agents en- 
dowed with this power ? 

It has been sometimes questioned whether the 
mysterious action of certain catalysers may not 
have an origin of this nature. We have in the 
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catalyser, in fact, a substance which, merely by 
its presence and without appearing to participate 
at all in the reaction, plays a preponderating part 
therein, and multiplies its velocity to an extent 
which is often prodigious. 

Let us suppose, for example, that the catalyser 
acts as a net and retains in its vicinity the molecules 
which have a high velocity. On this account there 
will be a relatively high proportion of such molecules 
in its immediate proximity. But these molecules 
with a large energy are particularly apt to produce 
the dislocations which must often precede the re- 
combination of the substances present ; the velocity 
of the reaction will therefore be considerably in- 
creased in the neighbourhood of the catalyser. 
This is obviously purely hypothetical, but it will 
be understood that in the presence of facts as 
singular as the action of catalysers this hypothesis 
has been added to all those which have been advanced 
to explain this mysterious action by presence. 

The remarh of Helmholtz on the vital principle ^ 

The hypothesis which Helmholtz advanced some 
time ago, and according to which the phenomena 
of life may very well escape, in part at least, from 
the second principle of thermodynamics, is also 
connected with a principle of individual action on 
the molecules. 

Thus it must be assumed, according to this hypo- 

^ For the more complete study of this question, see 
the third paper. 
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thesis, that the vital principle is something particu- 
larly tenuous and capable of acting on the individual 
molecules after the manner of Maxwell's demon. 
To a certain extent, therefore, it will be able to cause 
phenomena to proceed in a direction opposite to 
that of the statistical probabilities which constitute 
our physico-chemical laws. The vital equilibrium 
will be due then to the fact that the chemical reactions 
in the interior of the living organism will no longer 
necessarily follow the evolution which tends to make 
the system change to a more probable state. Life will 
thus be like a struggle against the blind laws of 
chance. 

At the death of the organism, the vital principle 
being exhausted or absent, our statistical laws will 
again resume their operations with the quasi- 
finality which characterizes them. 

Such are the consequences of the hypothesis 
advanced by Helmholtz in the language of our 
present conceptions. 

This is evidently a very bold and gratuitous hypo- 
thesis, but one which it is interesting to recall in the 
presence of the insoluble mysteries of life. Instead 
of proofs it has the fortune to be supported by the 
high scientific authority of Helmholtz.^ 

^ It is scarcely necessary to say that almost insur- 
moimtable difficulties would be encountered in the veri- 
fication of such a hypothesis. Not only would it be impos- 
sible practically to evaluate the entropy of a system as 
complex as a living organism, but this organism does not, 
by itself, constitute an isolated system. It would be 
necessary to include in the system investigated the medium 
with which, in practice, the organism effects its exchanges. 
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THIRD PART 
THE STATISTICAL LAWS 

15. Physico-chemical laws 

To assert that a phenomenon is impossible or to 
declare that its chance of occurring is one in a hun- 
dred million is “ practically ” to say the same thing. 

It follows that the scientist, in the prosecution 
of his scientific research, will remain a convinced 
determinist, whether he considers the physico-chemi- 
cal law to be an absolutely irrevocable decision or 
whether he adopts the new and larger ideas which 
have just been developed. In the latter case, how- 
ever, his determinism will be less absolute ; it 
will be a ‘‘ statistical determinism ” which may some 
day be overthrown, theoretically at least, by the 
miracle of a fluctuation of large amplitude. 

Though there is no difference “ from the practical 
point of view ” between these two conceptions, it 
can be said, nevertheless, that they are separated by 
an abyss when looked at ‘‘from the philosophical 
point of view.” 

In fact, the new conception ceases to ascribe to 
the physico-chemical law, as we know it on our scale 
of observation, an inflexible and inevitable cha- 
racter, there being always the possibility of the 
occurrence of a fluctuation which would make our 
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universe evolve in a sense both unexpected and 
contrary to that assigned to it by our scientific 
forecasts. 

But must we consider all our experimental laws 
as statistical laws more or less subject to fluc- 
tuations ? 

It does not appear that we have the right to 
consider them all in this way to the same extent. 
We can, it is true, consider as statistical laws all 
those in which we have been able to establish experi- 
mentally, if not fluctuations themselves, at least 
their immediate consequences. Such are, for ex- 
ample, the laws of gases ; to these should probably 
be added all those which result from the very numer- 
ous kinetic theories of physical chemistry. 

On the other hand, there is not the same rigorous 
necessity for the consideration of laws as statistical 
laws in other domains, and particularly in the case 
of universal gravitation. 

Moreover, it does not appear that universal gravi- 
tation can be considered as a physico-chemical law. 
It has been established, in fact, that the weight of 
a substance is absolutely independent of the state 
of chemical aggregation of its atoms, and of their 
temperature ; and the verification of this is probably 
one of the most precise which has been made ^ (the 
law of the conservation of mass), 

^ According to modern ideas, developed particularly by 
Einstein, gravitation must be considered as the attraction 
of energy by energy, every body containing an energy 
proportional to its inertia, or more exactly the energy of 
a body being equal to its inertia multiplied by the square 
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Fluctuations of gravity have never been estab- 
lished by experiment. It is true that we can always 
entrench ourselves behind the supposition that fluc- 
tuations exist but that they are masked by the law 
of large numbers. 

In short, it cannot be asserted at the present time 
that all our experimental laws are statistical laws 
involving fluctuations, but the very nature of the 
modern ideas of the structure of matter and the 
considerable number of discontinuous elements 
which are involved in the smallest phenomenon does 
not exclude this possibility, and even makes it very 
probable, at least so far as physico-chemical laws 
are concerned. 


16, Molecular, atomic, and electronic laws 

We have just seen that the laws of physical chem- 
istry can be considered as being very probably 
statistical laws. One of the particular consequences 

of the velocity of light. From this point of view, the 
inertia of a body must be slightly greater when it is hot 
than when it is cold, but by an amount which is experi- 
mentally inappreciable. Similarly, when bodies attain 
considerable velocities (cathode rays) the enormous kinetic 
energy which they acquire should result in an increase in 
their coefficient of inertia. This increase has been experi- 
mentally established in the case of the high-velocity cathode 
rays and the p rays of radium. In this connection see 
C. E. Guye et C. Lavanchy, VMfication expirimentale de 
la formule de Lorentz- Einstein, Comptes Rendus, July, 
1915, and Arch, de Geneve, October, November, and 
December, 1916. 
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of this conception — and it is not the least interesting 
— ^is that it leaves the laws of the individual actions 
between molecules, atoms, or electrons completely 
undetermined. 

What can be the nature of these laws ? Must 
they be considered as inflexible laws, or are they 
statistical laws of still smaller hypothetical ele- 
ments ? 

Finally, in the presence of this uncertainty,’’ it 
is permissible to ask — and the question sometimes 
has been asked — whether all or some of the mole- 
cules or atoms may not be endowed with free wiU, 
without our physico-chemical laws being sensibly 
modified thereby. 

We shall not attempt to reply to this question. 
That would be to go outside the limits which we 
have imposed on ourselves in this paper and at the 
same time to penetrate into a region which is par- 
ticularly difiicult and where the aid of experiment 
is almost completely unavailable. 

From the experimental point of view, in fact, we 
know very little about the laws which may govern 
the actions between two atoms, two molecules, or 
two electrons ; almost all our experiments call into 
play millions of millions of molecules ; thus they 
only give us the collective laws which, in a general 
way, we call ‘^physico-chemical laws.” 

Some rare experiments, however, that with the 
spinthariscope, for example, cause us to witness the 
actions which individual molecules can exert. In 
this curious experiment it seems probable that each 
a particle (or charged helium atom), when projected 
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by a radioactive substance against a phosphorescent 
screen, gives rise to a kind of flash, like that pro- 
duced by the explosion of a projectile on striking 
its target. Thus, by counting the flashes, the num- 
ber of helium atoms produced by the decomposition 
of the radioactive substance in a given time can 
be obtained. In this way the experiment enables 
us to form an idea of the length of the “life ” of 
the substance. 

In this connection must be mentioned the remark- 
able experiments by which C. T. R. Wilson, using the 
phenomena of the condensation of saturated vapours, 
has been able to make visible, and even to photograph, 
the trajectories of these atomic projectiles. The 
photographs which have been obtained clearly show 
the paths, which are at first rectilinear and then 
bend in an irregular manner near the end of their 
course. It appears that when the atomic projectile 
has lost sufficient kinetic energy, it makes a series 
of ricochets before it is finally arrested. 

We may also hope to obtain some information 
concerning the actions between individual atoms or 
molecules by means of the ultramicroscope. In 
fact, with this arrangement it is possible to make 
visible particles which are of the same order of mag- 
nitude as the largest molecules in organic chemistry. 
Recent investigations on X-ray spectra are giving 
us information concerning the disposition and the 
symmetry in the position of the atoms in solid 
bodies. 

Finally, by means of observations on the fall of 
electrified spheres, Millikan has found it possible 
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to experiment on individual electrons and to deter- 
mine, not their mean charge, but their actual charge ; 
it is known that, within the limits of the errors of 
experiments which are already very accurate, this 
charge is the same for all electrons. 

In brief, although there is as yet little experi- 
mental information available concerning the action 
of molecule on molecule, atom on atom, or of elec- 
tron on electron, there is, nevertheless, hope that it 
will increase. 

But, without attempting in any way to forecast 
the nature of the laws which may govern the inter- 
action of molecules or atoms, it may be useful to 
recall that statistical laws (such as our physico- 
chemical laws) are not incompatible with a rigorous 
determinism. 

For example,^ let us take the first 10,000 logar- 
ithms in mathematical tables to ten decimal places 
and let us compile statistics of all the figures which 
occupy the seventh place. We find that the zero 
appears 990 times ; the figure 1, 997 times ; the 
2, 993 times ; the 4, 1,012 times ; and so on. In other 
words, the number of appearances of each of these 
figures (including zero) is approximately the same 
as if the figures had been drawn at random from 
an urn which contained equal numbers of them all. 

Further, if the 10,000 logarithms are divided into 
10 series of 1,000 each and the same statistics are 

^ Bertrand, Galcul des probahiliUs, Preface; Carvallo, 
Le calcul des probabilitis et ses applications. 
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compiled for each of these series, it is found that 
the frequency of each figure (including zero) is about 
100, but that there is a deviation. The ten series, 
therefore, give ten deviations for each figure, or 
100 deviations in all. The curve showing the dis- 
tribution of the deviations is very approximately 
a symmetrical probability curve, closely corre- 
sponding to the formula y ~ 

Thus we have a statistical law resulting from a 
perfectly clear and precise relation. In fact, there 
is nothing more definite than the interdependence of 
a number and its logarithm. It may be concluded, 
therefore, that statistical laws are not incompatible 
with a rigorous determinism. 

In this determinist conception, then, what we call 
“chance ’’ is the consequence of causes which are 
perfectly definite and which may be simple, but the 
combined effects of which may become so complex 
that we are unable to calculate them. We then 
call upon statistics to reveal them to us. It may 
be said that from this point of view “ the calculus 
of probabilities and Bernoulli’s law are capable of 
embracing all the domains of human activity.” ^ 

In short, the very probable hypothesis of statistical 
physico-chemical laws does not exclude that of a rigor- 
ous determinism ; but if this absolute determinism 
exists it is relegated into the region, which is almost 
unknown experimentally, of the individual actions 
between atoms, molecules, and electrons. 

What will be the case when these actions are 


^ Carvallo, loc. cit,, p. 39. 
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better known ? Will absolute determinism then 
take refuge in an infinitely small quantity of another 
order of smallness, and so on ? 

17. Intra-atomic laws 

It has been said in the preceding paragraph that 
we know very little about the actions which indi- 
vidual atoms and molecules can exert on each other. 
There is more information concerning what happens 
at the surface or in the interior of the atoms. 

This world has been opened to our investigations 
principally by two different means. On the one 
hand, the spectroscope, by the analysis of the light 
emitted, tells us about the nature of the motions 
of the electric charges which enter into the consti- 
tution of the atoms. On the other hand, the dis- 
covery and the study of radioactive substances has 
thrown some light on the laws of the disintegration 
or the destruction of the atomic edifices. 

Although we are only at the dawn of the dis- 
coveries which the intra-atomic world holds in store 
for us, one important fact seems already clearly 
to have emerged : this is the extreme complexity 
which must be presented in the majority of cases 
by this “ microcosm which is called the atom. 
A first proof of this complexity is furnished by the 
observation of spectra. It is known, in fact, that 
the spectra even of chemical elements sometimes 
reveal an astonishing variety of periodic movements, 
probably due to the oscillations of the electrons 
which enter into the constitution of the atoms. The 
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number of spectral lines which correspond to them 
is often very great i it is known that the iron atom 
can emit several thousands of spectral lines, to 
which it would seem that there should correspond 
as many different vibratory motions, or at least as 
many components of different period. 

It is true that these periodic motions have some- 
times been correlated between themselves (Balmer's 
and analogous formulsa), and that certain groups 
of spectral lines are subject to the same modifica- 
tions depending on the conditions of the experiment. 
In addition, it is permissible to question whether 
the multiplicity of spectral lines characteristic of 
an element is indeed due to periodic motions taking 
place simultaneously in the interior of the same 
atom. May they not correspond to the various 
phases through which an atom passes, successively, 
under definite conditions ? This idea has been 
advanced. The simultaneous appearance of the 
various lines would then be due to the large number 
of atoms called into play in the experiment, or to 
the very rapid succession of these phases. 

Whether these motions be successive or simul- 
taneous, the complexity which gives rise to the 
possibility of so many different vibratory motions 
does none the less exist. 

But the complexity of the atom is indicated, above 
aU, by the law of the disintegration of radioactive 
substances. 

It is well known that this law is represented by 
a negative exponential, that is to say, by an expres- 
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sion which bears the mark of chance/' the external 
sign of a statistical law (Debierne). 

This point especially deserves our attention be- 
cause it appears probable that in this case the 
complexity whence results the very form of the 
law of disintegration is right in the inside of the 
atom. ^ 

^ In order to show that the laws of radioactivity can he 
statistical laws, they should be compared with the law of 
monomolecular chemical reactions. This latter law is 
represented, as is the law of disintegration, by a negative 
exponential ; it may be interpreted as follows : 

Under the action of the thermal agitation all the mole- 
cules collide with one another, and it can be assumed that, 
on account of the disorder and complexity of these colli- 
sions, the probability of the dislocation of a molecule is the 
same for all the molecules. Thus the number of molecules 
broken up in a given time will be proportional to the 
total number n of the molecules (law of mass). 

Hence 

— dn ^ an dt 


whence 

n = 

In radioactive phenomena the law of decay is also a 
negative exponential of the same form. But the disorder 
which results from thermal agitation can scarcely be con- 
sidered to be the cause of the disintegration of atoms 
since the temperature has no effect on the rate of decay. Thus 
it is necessary to look for another disorder, another com- 
plexity, which must be, therefore, in the interior of the 
atom ; either the atom may be considered to be com- 
posed of a considerable number of smaller elements or 
it may be supposed to possess a simpler structure by 
assuming that the various atoms exist in all the possible 
8 
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This complexity may be attributed to the presence 
in the atom of a very large number of hypothetical 
smaller elements, but it can also be supposed that 
the atom is composed of only a small number of 
elements (like the planets of our solar system). The 
complexity would then arise from the fact that the 
systems corresponding to the different atoms might 
be in all the possible phases of their evolution, so 
that at every instant there would be a certain num- 
ber which, arriving at an unstable state, would 
disintegrate, giving rise to the emission of a, or 
y rays. This idea seems to prevail at the present 
time. 

In short, iht very form of the laws of disintegration 
of radioactive substances is such as to give rise to the 
assumption that statistical laws also hold in the interior 
of the atom. 

But if the intra-atomic world which is revealed 
to us by radioactivity is probably very complex, 
it has the characteristic that it is almost closed to 
our physico-chemical agents, even to the most 
powerful of them. 

In fact, though we are able to prove the disinte- 
gration of atoms by the laws of radioactivity, we 

phases of their evolution. The fact that the probability 
of the explosion of an atom is the same for all atoms would 
follow from this complexity ; whence the exponential 
law. In this connection see, among others, P. A. Guye, 
J. Ch. phys., p. 294 (1908), and Debierne, Conference sur 
les transformations radioactives faite en 1912, Lea id6ea 
modemea aur Ui constitution de la matiire, Paris, Gauthier- 
ViUars, p. 304 (1913). 
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have not as yet any agent capable of appreciably 
modifying this disintegration. Whatever chemical 
compound is formed by the radioactive atom, and 
even though it be raised to a temperature of 1,400° 
or lowered to a temperature of — 190°, the law of 
disintegration is unaltered and all the attempts 
hitherto made to modify it have proved to be in vain. 

Thus the interior of the atom seems to be a closed 
world to us, and Poincar4 tells us that it is because 
it is guarded by severe keepers that the atom is an 
individual.*' 

So far as the world of infinitely small intra-atomic 
things is concerned, therefore, we are spectators, 
just as our astronomers are spectators in the presence 
of the infinitely great in stellar space. 

CONCLUSIONS 

From the foregoing considerations it will be seen 
that the conception of statistical laws tends to 
become generalized, and we need not be afraid to 
acknowledge that this is due to our ignorance and 
to our inability to penetrate the almost inextricable 
complexity of the smallest phenomenon. 

Statistical laws, which for a long time seemed to 
apply exclusively to the biological^ social^ economic^ 
and kindred sciences — ^precisely on account of the 
extreme complexity of the phenomena in these 
sciences, and because of the impossibility generally 
experienced of discerning the causes which produced 
them and made them vary — have been extended, 
little by little, by means of the calculus of proba- 
bilities to what are usually termed the ‘'exact 
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sciences/’ It seems as though these latter sciences, 
and particularly physical chemistry, only owe their 
title of exact sciences to the law of large numbers, 
which usually renders the effects of fluctuations 
inappreciable. 

In recent years these statistical laws have been 
introduced with particular intensity into physical 
chemistry y following the conception of the granular 
structure of matter and the generalization of the 
kinetic theories. Thus even the study of fluctua- 
tions and of their consequences has given to these 
theoretical conceptions a reality which may be 
termed experimental. 

Briefly, the whole of the foregoing considerations 
show how the signiflcance of our experimental laws 
tends to become profoundly modified. The tendency 
is to replace the physico-chemical law, which we 
have been accustomed to regard as final and in- 
evitable, by the statistical law, which, theoretically 
at least, is liable to very rare exceptions. 

Thus this new conception tends to replace the absolute 
determinism of the laws of physics and chemistry ^ as 
we observe them^ by a kind of larger statistical deter- 
minism. 

It is conceivable that equally essential modifica- 
tions of the significance of even our experimental 
laws may some day or other have a profound effect 
on the evolution of philosophic thought. 



CARNOT’S PRINCIPLE AND THE 
PHYSICO-CHEMICAL EVOLUTION OF 
LIVING ORGANISMS ^ 


INTRODUCTION 


T ie conception of Carnot’s principle as a line 
of demarcation between physico-chemical 
phenomena and vital phenomena is not 
new. It was fortunate enough to be advanced in 
the first place by the illustrious physicist Helm- 
holtz, who, however, confined himself to a single 
remark, in a note to one of his papers on thermo- 
dynamics.^ Since then this hypothesis has been 
reconsidered and considerably developed by various 
authors in publications which are mostly of a 
philosophical nature. It is also found in substance 
in Bergson’s Evolution Creatrice, which shows us 
the vital spark everywhere tending to oppose the 
physico-chemical evolution which results from 
Carnot’s principle. 


^The ideas advanced in this article were the subject of 
a lecture at the Institut National Genevois, December 10, 
1919. It has been thought best to give them here in a 
slightly extended form. 

* Qeaamtahhxindlungen, II, p. 972. On this subject see 
the Supplementary Note at the end of this book. 

117 
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The way in which physicists have regarded this 
principle since the researches of Gibbs and Boltz- 
mann seems to us to have created a new interest 
in this question by permitting a more precise state- 
ment of its significance. 

But before discussing this new point of view it 
will be well to recall briefly some of the principal 
arguments which have sometimes been advanced 
in favour of a vital physico-chemical evolution taking 
place in opposition or even in contradiction to 
Carnot’s principle. 

In the first part of this paper the point of view of 
classical thermodynamics will be exclusively adopted, 
reserving to the second part the examination of the 
question in the light of the modern conceptions 
which endow Carnot’s principle with a new and 
less absolute significance. Finally, in the third 
part, several pages will be devoted to a short 
examination of the philosophical aspect of the new 
conception of Carnot’s principle. 


FIRST PART 

THE POINT OF VIEW OF CLASSICAL THERMO- 
DYNAMICS 

If Carnot’s principle be considered as an absolute 
principle, there is no scientific reason for supposing 
that it should not be applicable to the physical 
chemistry of living organisms. This is what we 
shall endeavour to show in the first part. 

Let us consider first some of the arguments which 
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have sometimes been advanced with the object of 
invalidating this principle. 

1. The high efficiency of the human machine 

It has been said that the high efficiency of the 
human machine as compared with heat engines 
renders Carnot’s principle invalid. 

Old investigations, confirmed by more recent 
experiments carried out in England and America, ^ 
have shown, in fact, that the human machine is 
capable of transforming into mechanical energy 
21 per cent, of the chemical energy of the reactions 
of nutrition and respiration. It has been justly 
concluded that ‘‘if the human machine is a heat 
engine obeying the laws of thermodynamics,” two 
sources of heat at very different temperatures must 
exist in some part of the organism or in the sur- 
rounding medium. 

In the case of an efficiency of only 20 per cent, 
these temperatures must be + 115° C. and + 37*6° 
C., if the human body be considered to be at the 
temperature of the cold source ; + 37-5° C. and 
— 24*6° C. if the body be considered as the hot 
source. 2 But such differences of temperature are 

^ Revue G6n4rale des Sciences, October, 1908. 

* It is known that the maximum efficiency of a heat 
engine only depends on the temperatures between which 
it works : this maximum efficiency is attained when the 
engine works through Carnot’s cycle. In this case, it 

m m 

has the value rj = — ?, and being the absolute 
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nowhere to be found, either in the organism or in 
the surrounding medium. Moreover, it is very 
improbable that such different temperatures could 
exist in parts of the body so close together as to 
make their observation impossible. 

In all probability, therefore, the human machine 
does not function as a heat engine ; that is to say, 
the chemical energy of the reactions of respiration 
and nutrition is not transformed into heat which is 
subsequently converted into mechanical work, by 
the operation, for example, of the phenomena of 
expansion, vaporization, and so on, taking place 
in the muscular tissue. 

Besides, such a process would be particularly 
inefficient, and it would be very singular if nature 
chose for the production of mechanical energy in 
living beings precisely the most uneconomical 
method. 

But the fact that the human machine does not 
fimction as a heat engine does not at all imply that 
the physico-chemical evolution in the interior of 
the living organism is in contradiction to Carnot’s 
principle. In fact, the chemical energy of respira- 
tion and nutrition may be transformed into mechan- 
ical energy otherwise than by the intermediary of 
heat. 

temperatures of the two sources. If the temperatures 

i * 

are expressed in degrees Centigrade, we have rj *= — = 

ti -j- 273 

The temperatures + 116® C. and — 24*6° 0. are obtained 
by making rj =0*20 in this latter relation, in the two 
cases. 
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Various hypotheses have been suggested, and 
among others one of the most attractive, at least 
for physicists, consists in regarding the capillary 
or electro-capillary phenomena taking place in the 
muscular tissue as the organ of this direct trans- 
formation of chemical energy into mechanical energy. 
The cellular and finely vascular structure of the 
tissues would appear to be in favour of a hypothesis 
of this kind, although the exact nature of the action 
cannot be stated. 

In other words, the chemical actions taking place 
in the muscle would have the effect of modifying 
the nature of the surfaces of contact of the various 
media which constitute the muscular tissue. These 
variations of the capillary constants, analogous to 
those observed in electrolytic polarization, would 
in their turn involve the deformations which char- 
acterize muscular contraction, and so mechanical 
work would be produced. 

Such is, in essentials and in outline, the very 
ingenious directing idea of the theory of d’Arson- 
val on muscular contraction. It is not for us to 
discuss it from the biological point of view, but it 
will be sufficient to observe that the efficiency of 
transformations of this nature may be incompar- 
ably greater than those of the best heat engines, 
and theoretically quite compatible with the observed 
efficiencies of the human machine. ^ 

' According to Chauveau, chemical energy would b© 
directly transformed into mechanical energy by the inter- 
vention of the phenomena of osmosis with an efficiency 
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In short, it is apparent that it is possible to con- 
ceive physico-chemical processes apart from thermal 
processes, compatible with the high mechanical 
efficiency of the human organism, without these 
being in contradiction to Carnot’s principle. 

In conclusion, it may be said : 

The high efficiency of the human machine in no 
way proves that this machine functions contrary to 
Camofs principle ; it only proves that it is probably 
not a thermal machine,^ 

2. The assumed struggle of living organisms against 
the degradation of energy 

It is known that the degradation of energy is a 
consequence of Carnot’s principle ; that is to say, 
this principle has the effect of making the quantity 
of energy transformable into mechanical work con- 
tinually diminish. From this point of view, there- 
fore, it can be considered as a fatal principle in the 
sense that it would slowly lead our universe towards 
equality of temperature and towards what is called, 
on our scale, immobility. 

We ask ourselves, therefore, whether some cor- 
rective to this fatal consequence does not exist, 

which might be very high. We wish to mention this 
theory, which appears to us to penetrate more profoundly 
still into the intimate mechanism of muscular contraction. 

^ I have no doubt that this last conclusion is actually 
admitted by the physiologists, though the deplorable 
habit of comparing the human machine to a steam engine, 
which transforms the chemical energy of coal into mechani- 
cal energy, still exists. 
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and sometimes it has been thought that this has 
been found in the phenomena of which the living 
organisms are the seat. May not the mission of 
living organisms, it has been asked, be to prevent 
this fatal degradation of energy and to struggle 
against this progressive diminution of the reserves 
of mechanical energy ? Physicists and philosophers 
are therefore eager to investigate by what means 
living organisms may be capable of accomplishing 
this mission. 

But however suggestive the considerations which 
have been invoked in support of this idea, it must 
be recognized that their scientific basis is very fragile. 
This can easily be shown by some examples. 

Example 1. One of the principal arguments 
advanced is the energy accumulated by plants at 
the surface of our earth. 

In plants it is known that in the presence of 
chlorophyll solar energy gives rise to endothermic 
reactions, that is to say, to reactions which store 
up energy in the potential state. If plant life did 
not exist on the surface of our earth, it has been 
said, this solar energy, instead of being stored up 
in plants and later in the coal measures, would be 
degraded rapidly. That is to say, that after it had 
slightly raised the temperature of the earth’s crust 
it would be dissipated without delay by radiation 
into space, by virtue of Carnot’s principle. It 
appears, indeed, that by storing up this energy the 
presence of plant life has the effect of striving against 
the degradation of energy, if, indeed, this is not 
its ultimate object. 



124 PHYSICO-CHEMICAL EVOLUTION 


But, without discussing the part which may be 
played in this connection by living organisms and 
particularly by plants, it must be remarked that 
puTcly physicO'-chcfnicdl processes cctu also vctdfd this 
degradation of energy to a large extent. Such a pro- 
cess, for example, is the evaporation which occurs 
at the surface of the oceans. If the surface of the 
oceans were covered with a layer of oil, evaporation 
would be inappreciable and the heat received would 
be degraded rapidly by being radiated into space 
in the state of dark heat.” 

On the contrary, evaporation causes the water 
to be raised into the atmosphere at the expense of 
solar energy, to fall subsequently in the form of 
rain, giving rise to watercourses which are capable 
of producing mechanical work. In this way evap- 
oration struggles against an immediate degradation 
of energy just like plant organisms. 

If, then, it is desired to speak of a striving against 
the degradation of energy, it would be wrong to 
attribute to the vital processes an exclusive mono- 
poly of the struggle, since, as we have just seen, 
it is possible to conceive physico-chemical processes 
which are more or less efficient in this respect, 
although it is impossible to establish exactly their 
relative efficacy.* 

» In fact, it is difficult to ascertain to what extent evapo- 
ration can retard the degradation of energy. We know 
that it gives rise to watercourses and that it is thus capable 
of transforming annually a large quantity of solar energy 
into mechanical energy. But if there were no other inter- 
vention this mechanical energy would be degraded, in its 
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Example 2. Let us take our second example 
from the animal kingdom. We have just seen that 
the mechanical energy of watercourses is degraded 
without delay by being transformed almost entirely 
into heat. But the genius of man intervenes and 
he places turbines and dynamos in the path of the 
moving water and thus part of the energy of fall 
is stored in reserve, for example, by the manufac- 
ture of explosives, the mechanical power of which 
can be used later, at any desired time. It may be 
said that man, by his intervention, seems to have 
the power of striving against the degradation of 
energy. 

turn, without delay by being converted almost entirely 
into heat — the kinetic energy of the watercourses being 
dissipated to a large extent on account of the viscosity 
of the water and on account of its friction against the 
earth. 

Thus evaporation only seems to have retarded the 
degradation of energy. But this retardation is perhaps 
more considerable than is imagined, because in order to 
evaluate it, it would be necessary to know the mean dura- 
tion of the sojourn of the water vapom in the atmosphere, 
from the moment when it is taken from the liquid surface 
of the ocean imtil the time when special circiunstances 
allow it to be resolved into rain. The atmosphere, in fact, 
is like an immense reservoir of water vapour which is 
supplied by evaporation, and which only occasions atmo- 
spheric precipitations when it is too full, i.e. when it is 
in a state of supersaturation. 

It is therefore rather difficult to ascertain in what measure 
this purely physico-chemical process retards the degrada- 
tion of energy and what is its importance relative to that 
which is attributed to plants in this presumed struggle 
against the degradation of energy. 
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To that it may be rightly objected that, if the 
psychism of man permits him to strive against the 
degradation of energy by storing up the energies 
of nature, it permits him none the less easily to 
precipitate this degradation. Does not the wastage 
of the coal measures which characterizes civilization 
accelerate this degradation in a particularly dis- 
quieting manner ? 

If we had to formulate a conclusion on this subject 
we should be rather inclined to suppose, with 
Dastre and other authors, that the presence of 
vegetation has the effect of storing up slowly the 
reserves of energy, partly to the profit of the animals 
which have the ability to use them, and even to 
degrade them in what is sometimes an extremely 
short time. 

This conception has at least the advantage of 
showing that there must be established on the one 
hand an equilibrium between the living organisms 
of the two kingdoms, and on the other a struggle 
between the different species of animals for the 
monopoly of this undegraded energy which is essen- 
tial to their existence. 

But let us leave this question, which takes us 
very far from our subject, and which, moreover, is 
not the one which interests us. 

In short, it may be seen from these examples 
how easy it is to argue for or against this hypothesis 
of a struggle of life against the degradation of energy. 
In addition, as none of these pretended scientific 
arguments can be submitted to the test of a rigorous 
verification, it is conceivable that they might easily 
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be multiplied and that they must be considered, 
not as proofs, but simply as speculations, the scien- 
tific value of which is more apparent than real. 


3. Have living organisms the ability to use intra- 
atomic energy ? 

This hypothesis is altogether gratuitous, but it 
is suggested by the discovery of radioactive sub- 
stances which are known to be capable of liberating 
an enormous quantity of energy without an appre- 
ciable loss of weight. 

If living beings had the ability to use intra-atomic 
energy, it would follow that their physiology appar- 
ently would not conform to the principle of the 
conservation of energy, at least in the form in which 
it has been conceived in physical chemistry hitherto. 
In other words, the utilization of intra-atomic energy 
by the living being would give it every appearance 
of being a creator of energy. 

But in order that this hypothesis should have 
any value it would be necessary to prove that the 
energy expended in various ways by the animal is 
greater than that which corresponds to the com- 
bustion of the food which it ingests. 

Let us suppose, for example, that the progress 
of experimental aerodynamics permitted us to 
evaluate accurately the minimum mechanical work 
developed by the flight of a swallow during the 
hours which it daily devotes to this exercise ; and 
let us add to this energy the loss of heat energy 
by radiation and convection, which loss must be 
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very considerable since the temperature of the bird 
(42° C.) is generally very much higher than that 
of the surrounding medium. On the other hand, 
by means of the bomb calorimeter, we might be able 
to evaluate the heat of combustion of the daily 
ration of mosquitos, flies, etc., which constitute the 
diet of the swallow and which it catches in its flight. 
If a further small correction were made for the 
residual calorific power of the daily excretions, we 
should have the principal elements for compiling 
an approximate, if not an exact, balance sheet of 
energy. If the energy expended were very appre- 
ciably greater than the energy received, there would 
be reason to have recourse to the hypothesis of a 
utilization of intra-atomic energy by the animal. 

The example of the swaUow has been chosen 
because it does not seem, at first sight, that the 
ingestion of a mosquito can provide for the expendi- 
ture of numerous strokes of the wing and for the 
corresponding maintenance of the temperature of 
the bird. 

But appearances may be very deceiving. The 
flight of the swaUow may, in fact, necessitate much 
less energy than we suppose, because we do not 
know to what extent the bird can utilize the energy 
of the wind in its flight, nor exactly in what manner 
its plumage protects it against the loss of heat. 

Too many elements are lacking for the question 
to be decided in either way, and until there is proof 
to the contrary we must consider the hypothesis 
of the utilization of intra-atomic energy by living 
beings as absolutely gratuitous. We shall not dwell 
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on this further, therefore, more especially as experi- 
ments carried out in America on man have led to an 
almost exact balance sheet. 

4. Do there exist physico-chemical processes which are 
capable of causing a diminution in the entropy 
of the system which includes them ? 

When we spoke of the presumed struggle of living 
organisms against the degradation of energy, we 
said that certain processes, the growth of plants, 
for example, could have the effect of retarding the 
degradation of energy. 

We are not concerned, however, with ascertaining 
whether living, catalytic, or other processes, are 
capable of retarding, to a greater or less extent, 
the degradation of energy, but we wish to investi- 
gate whether these processes are or are not in con- 
tradiction to Carnot’s principle ; for example, we 
desire to know whether these processes can cause 
a diminution in the entropy of the system which 
includes them. 

If such were the case, it would be possible to 
conceive that a living being, such as a fish, might 
be able to co-ordinate to its profit the motion due 
to the thermal agitation of the water in which it 
swims in order to transform it into directed mechan- 
ical energy, thus realizing, contrary to Carnot’s 
principle, a thermal machine functioning with only 
one source of heat ; the fish having sensibly the 
same temperature as the water. 

In order that what follows may be understood, 
9 
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it may be useful first to illustrate by an example 
the fundamental distinction which exists between 
a process which has the effect of retarding the increase 
of the entropy of an isolated system and a process 
which, in flagrant contradiction to Carnot’s prin- 
ciple, at least so far as it is considered from the 
point of view of classical thermodynamics, may 
occasion a diminution of this entropy. 

Let us suppose that we have two different gases 
(hydrogen and oxygen) at the same pressure and 
the same temperature, and initially separated. It 
is known that when these two gaseous masses are 
mixed by diffusion the entropy of the system in- 
creases, in accordance with Carnot’s principle. But 
let us suppose that instead of allowing diffusion to 
take place freely the two gases are separated by a 
porous partition which has no chemical action on 
either of them ; this partition will have the effect 
of opposing the diffusion and of retarding the increase 
of entropy, and in this there is nothing contrary to 
Carnot’s principle. 

On the other hand, let us suppose for a moment 
that, when the mixture has taken place, it were 
possible to find a dissymmetric diaphragm which 
would only allow the passage of high-speed molecules 
(hydrogen) in one direction and of low-speed mole- 
cules (oxygen) in the opposite direction. This mys- 
terious diaphragm would have the property of 
reproducing the initial separation of the two gases 
without the supply of additional energy ; it would 
succeed in diminishing the entropy of the system 
by its presence alone, and thus would play a 
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part analogous to that of Maxwell’s metaphysical 
demon. 

But at present we do not know of any physico- 
chemical process, catalytic or otherwise, which pos- 
sesses the power to cause the entropy of a system to 
assume a lower value under these conditions. 

So far as we know, none of the arrangements 
which have been tried or conceived with a view to 
invalidating Carnot’s principle, as it results from 
classical thermodynamics, have withstood a search- 
ing critical examination. In particular, such is the 
case with one of the most ingenious, namely, the 
separation of the hot molecules from a gaseous 
mixture by a gravitational field. Professor Ber- 
thoud ^ has shown recently in a minute critical 
examination that this separation also involves an 
increase in the entropy if the change in the volume 
which accompanies the separation is taken into 
account. 

Therefore, until we have proof to the contrary, 
we must suppose that all the known processes can 
only retard the increase of entropy. This is the 
conclusion which must be drawn at the present 
time, at least if the question is examined solely 
from the point of view of classical thermodynamics. 

6. Conclusions from the first part 

If Carnot’s principle be regarded as an absolute 
principle in inorganic evolution, there is no scien- 

^ Berthoud, Jour, de Chimie Physique, 1919, 17» pp» 
616 et aeq. 
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tific reason for supposing that this principle is not 
applicable to the physico-chemical evolution of 
living organisms. 

1. The high efficiency of the human machine 
does not at all invalidate Carnot’s principle, it 
only proves that in all probability this machine 
is not a thermal machine. 

2. The fact that the presence of living organisms, 
and particularly the presence of plants, is more 
advantageous for the retardation of the degradation 
of energy than the pure and simple heating of the 
earth’s crust by the radiation from the sun, does 
not imply any contradiction to Carnot’s principle, 
any more than does the evaporation which occurs 
at the surface of the oceans, which also seems to 
retard this degradation of energy. If plants do 
accumulate potential energy it is at the expense 
of the energy of the ultra-violet light and of the 
infra-red radiations of short wave-length which 
reaches them from the sxm. In this transforma- 
tion, however, this energy is partially degraded 
into long wave-length energy of less thermodynami- 
cal value. Nothing authorizes us to suppose that 
finally and on the whole the operation does not 
result in an increase of entropy in accordance with 
Carnot’s principle. 

3. As yet we do not know of any physico-chemical 
process, catalytic or otherwise, which is capable of 
causing a diminution in the entropy of an isolated 
system in which it takes place. 

Finally, therefore, it is apparent that, if Carnot’s 
principle is considered from the point of view of 



THE EVOLUTION OF ORGANISMS 133 


classical thermodynamics, nothing authorizes us to 
suppose that it is limited to the physico-chemical 
evolution of the inorganic world. For this reason, 
it is not surprising that a number of brilliant men 
of science have accepted the generality of this 
principle which thus governs absolutely the evolution 
of living organisms as well as the world of inorganic 
matter. 

Nevertheless, it is impossible not to be struck 
by the considerable differences which exist between 
vital physico-chemical evolution and the evolution 
of our reactions in vitro, by means of which Carnot's 
principle has been established. 

In the first place, there is quite a collection of 
properties on which it would be almost common- 
place to insist, and which together serve in some 
way to define living matter. 

It will be sufficient to recall our inability experi- 
mentally to produce life otherwise than by means 
of life itself ; the very complex phenomena which 
accompany the birth, the development, the repro- 
duction, and the death of living beings ; the ten- 
dency of life always to extend itself when the 
elements of the surrounding medium afford the pos- 
sibility ; the judicious exchanges which characterize 
assimilation ; the adaptations which have all the 
appearance of intelligence and which go so far, 
for example, as to construct, with a remarkable 
exactness, an optical instrument in the womb of 
a living organism ; in short, the will to live, apparent 
or real, which is found from one end to the other 
of the scale of living beings, and which, rightly or 
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wrongly, gives all the appearance of finalism to 
vital evolution. Finally, in order to make all this 
marvellous collection disappear, it is sufficient to 
shake slightly the molecular edifices by thermal 
agitation, by raising the temperature of the organ- 
isms a little above 100° Centigrade. 

There is here quite a collection of facts which 
makes us think that in vital physico-chemical 
evolution there is something which, if it is not 
totally different from, is at least more complicated 
or more, general than what we observe in the in- 
animate world. 


SECOND PART 

THE POINT OF VIEW OF STATISTICAL 
THERMODYNAMICS 

We have just seen that if Carnot’s principle be 
considered as an absolute principle, there is no 
scientific reason for supposing that it is not appli- 
cable to the physico-chemical evolution of living 
organisms. 

Let us consider now how this conclusion is modified 
by the new conception of this principle. 

1. The modern conception of Carnot^ a principle 

In the first place, let us recall that Carnot’s 
principle is nowadays considered as a statistical 
principle. If all the conclusions that are drawn 
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concerning the evolution of physico-chemical pheno- 
mena have the appearance of being absolutely 
certain, it is only because of the law of large numbers. 
This physico-chemical evolution, precise and definite 
as it seems, is in reality only the advance towards 
those disorders which are the most probable of all 
the possible disorders. In fact, it allows us to 
remain ignorant of the actions which molecules, 
atoms, or electrons can exercise between themselves, 
in order to arrive at only the statistical result of 
the whole, which we call a physico-chemical law. 

This modern conception of Carnot’s principle has 
been developed elsewhere, ^ and it was illustrated 
by an example which will be recalled very briefly 
here. 

When a collection of an equal number of black 
and white grains is shaken up, a grey powder is 
always obtained if the agitation has been sujB&ciently 
prolonged. The result is almost ” inevitable, 
because of all the possible disorders, those which 
produce this grey impression on our eyes are very 
much the most numerous. This almost inevitable 
evolution towards the grey powder gives a very 
clear image of physico-chemical evolution according 
to Carnot’s principle. 

But if it is desired to fight against this statistical 
law, which tends to produce the grey powder, there 
are two methods available. 

^ J. de Chim. Phys., 16, pp. 216-272. The evolution of 
physico-chemical phenomena and the calculus of proba- 
bilities (also Essay number 2 in this volume). 
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The first consists in acting on each grain indi- 
vidually. For example, by sorting them out one by 
one it would be possible to reproduce the initial 
separation into two kinds of grains, and in this 
way the statistical law of agitation could be over- 
come. In a mixture of gases this would be accom- 
plished by Maxwell’s metaphysical demon, which, 
so far as physico-chemical evolution is concerned, 
has been justly likened to a ‘‘ cheat.” 

Similarly, it may be supposed that in living 
organisms there is a special agent (a true Maxwell’s 
demon), and that this agent, which can be called 
the vital principle if desired, is something suffi- 
ciently attenuated to be capable of acting on the 
molecules individually. It would follow that in the 
interior of living organisms, physico-chemical evo- 
lution would no longer necessarily proceed towards 
the most probable states, as Carnot’s principle 
requires, and that we should thus have a different 
physico-chemical evolution in living beings. ^ 

Such a conception would naturally lead to dual- 
ist philosophies, but from the strictly scientific 
point of view it has the disadvantage of introducing, 
in the vital principle, an element which is dis- 
tinctly metaphysical. Thus it would be out of 
place to dwell on it at length in this review. 

The second method available for striving against 
the statistical law which tends to produce the grey 
powder consists purely and simply in prolonging 

^ This hypothesis has been mentioned already. J. de 
Chim. Phys., Zoc. ciU (page 102 of Essay number 2). 



THE EVOLUTION OF ORGANISMS 137 


the agitation till a fluctuation of a very rare type 
leads to the initial separation. As Herodotus has 
said : ‘‘If one is sufficiently lavish with time, 
everything possible happens.” 

But this method is desperately long even if the 
powder is composed of a very small number of 
grains. It becomes, if not a theoretical, at least 
a “ practical ” impossibility when it is endeavoured 
to apply it to a system composed of innumerable 
molecules ; and it is known that this practical im- 
possibility gives rise to Carnot’s principle as it is 
at present conceived. In virtue of this principle 
thermal agitation is practically unable to separate 
two gases once they are mixed. If the separation 
were produced by the sole agency of this agitation, 
it would appear to us as a miracle, in the sense 
that the event would be contrary to all scientific 
anticipations based on Carnot’s principle considered 
as an absolute principle. 

But the modern conception of Carnot’s principle 
has exactly the effect of not precluding this miracle ; 
that is to say, in addition to the possibilities which 
involve physico-chemical evolution towards the 
most probable states, there is still room for other 
possibilities ; there is room for what are called 
fluctuations.^ 

2. The possibility of fluctuations in living organisms 

But what can be the importance of fluctuations 
in the interior of a living organism ? 

^ For the discussion of fluctuations, see J. de Chim. 
Phys., Zoc. cit. (or the preceding essay). 
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The fluctuations which can occur in a given 
element of volume are, in general, the more important 
the smaller the number of molecules contained in 
the homogeneous element of volume considered. 
The reply to the foregoing question will depend, there- 
fore, on the degree of tenuity which is attributed to 
the structure of the tissues and of the living matter. 

But it is known that the structure of protoplasm, 
which is the simplest form of living matter, is 
extremely complex. This heterogeneity appears to 
defy the microscope, since beyond the microsomes, 
which seem to be the smallest elements perceptible 
by the microscope, biologists have been led by 
various hypotheses to assume a still greater hetero- 
geneity, particularly by the hypothesis of micelles, 
a kind of aggregate of molecules. But all this 
complexity is localized in the vital element, the 
cell, the diameter of which does not often exceed 
a few thousandths of a millimetre. 

In other words, the living organism which con- 
stitutes the cell can be considered as a sort of 
mosaic formed by the juxtaposition of a very large 
number of very small homogeneous elements, and 
the smaller these elements, the smaller will be the 
number of molecules which they contain, and the 
greater will be the importance of fluctuations in 
the interior of each of them. 

Thus it is conceivable that in a sufficiently 
tenuous homogeneous structure, more tenuous than 
those which the resolving power of the micro- 
scope and of the ultra-microscope enable us to 
observe, the fluctuations may assume an importance 
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such that the laws of cellular physico-chemical 
evolution will no longer be the same as those of 
our special physical chemistry, in which the fluctua- 
tions are almost entirely negligible. 

The physical chemistry of the interior of living 
organisms, which is usually called “ physiology,’’ 
will be, therefore, a more general physical chemistry 
than that which results from our usual physical 
and chemical experiments, in which the smallest 
homogeneous grains of matter with which we 
operate almost always contain several thousands of 
millions of molecules, and in which physico-chemical 
evolution always proceeds practically according to 
Carnot’s principle. 

But, it will be said, colloids are very flnely divided 
substances which, nevertheless, obey exact laws. 
We can ascertain, in fact, their osmotic pressure, 
measure their velocities of diffusion, and so on ; 
this is incontestable. But the exact laws which 
we succeed in deriving from these measurements 
are always collective laws, statistical laws. They 
do not apply to the evolution of an individual 
particle, but to a whole which is composed of a 
large number of particles, and it is only to this 
whole that Carnot’s principle applies, and not to 
the evolution of each of them. Thus there should 
be nothing very surprising if Carnot’s principle is 
not applicable to the physico-chemical evolution 
of an element as heterogeneous as a cell or its 
constituents. On the other hand, as even the most 
complex living beings are only the result of cellular 
proliferation, it is not absurd, by reason of the 
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extreme heterogeneity of the ceU, to suppose that 
the physico-chemical evolution of living beings at 
least partially evades the statistical principle of 
Carnot, in the form which is derived from the 
physical chemistry of the inanimate world. For 
this reason i therefore^ the caprice of the fluctuations 
might be able to play some part in cellular physico- 
chemical evolution, that is to say, in the development 
of living beings. 

Let us try, however, to illustrate the foregoing 
considerations by some figures. 

At the present time the number of molecules in 
a cube the edge of which is a micron in length 
(0*0001 cm.) can be determined fairly accurately.^ 
For molecules of water, to which, for the sake of 
simplicity, we will assign the formula HjO, this 
number is about thirty-four thousand million, and 
it is to be supposed that under these conditions 
the elementary volume of a micron cube is still 
not sufficiently small for fluctuations to assume 
therein, in general, any importance. 

But the molecules in organic chemistry, and par- 
ticularly those which enter into the constitution of 
albuminous substances, are much more complex ; 
for example, the molecular weight attributed by 
some chemists to invertin is about 64,000. It is 
conceivable, therefore, that the number of molecules 
contained in a micron cube might be approximately 
3,000 times smaller, the density being the same, 

^ This number is deduced from the fairly accurate 
knowledge which we possess at the present time of Avo- 
gadro’s number. 



THE EVOLUTION OF ORGANISMS 141 


and this would lead to a number of molecules only 
of the order of ten millions per micron cube. Under 
these conditions the possibility of the occurrence 
of an important fluctuation still does not seem to 
be very considerable. 

But it should not be forgotten that it would be 
a very great mistake to compare a cell, the volume of 
which is several micron cubes, to a homogeneous 
element, since we know by microscopic investiga- 
tions of protoplasm that this substance is hetero- 
geneous. We have seen that in addition to the 
microsomes which the resolving power of the 
microscope can reveal to us, biologists have had to 
advance various hypotheses in order to explain the 
properties of protoplasm and the functioning of the 
cell, and in particular the hypothesis of micelles, 
which pushes the differentiation of living matter 
far beyond what is revealed to us by the microscope, 
or even sometimes by the ultra-microscope. 

It follows that the elementary volumes which 
may be considered as homogeneous in a cell are 
very, very much smaller than the micron cube, 
and that the number of molecules which each of 
them may contain is consequently very much 
smaller than the numbers which we have just 
cited. 

To this consideration is to be added another 
which is not less important. The heterogeneous 
fine structure of living matter is not the only 
factor which may give a particular importance to 
the statistical fluctuations. At certain singular 
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points of the physico-chemical evolution these fluctua- 
tions are capable of assuming an exceptional im- 
portance. In particular, such is the case, in physics, 
of the critical point, when the compressibility of 
a fluid assumes very large values. It results that 
the least accidental variation of the pressure which 
occurs in the interior of the fluid gives rise to an 
enormous change in the density. The fluctuations 
of the density therefore assume an amplitude which 
is relatively very great ; whence the well-known 
phenomenon of critical opalescence. 

A cube of a micron side in the neighbourhood of 
the critical point contains approximately one hun- 
dred million molecules, and the mean fluctuation of 
the density under these conditions would be about 
2| per cent.,^ which means that the individual 
fluctuations round the mean density must frequently 
attain considerable amplitudes. 

Thus in the immediate neighbourhood of the 
critical point a physico-chemical phenomenon escapes 
from Carnot’s principle, in the sense that if an 
element of fluid, not infinitely small but of the order 
of magnitude of those which can be studied by means 
of the microscope, be considered, it becomes im- 
possible to predict from thermodynamical considera- 
tions what will be its density at a given instant. 
In the same way it is impossible to predict from the 
statistical laws of physical chemistry what would 
be, at a particular instant, the path of one particle 
agitated by the Brownian movement. 


^ Perrin, Lea Atomea, 
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This individual path evades all our physico- 
chemical previsions, and, in appearance at least, it 
is not less capricious than that described by any 
particular bacillus under the microscope. We take 
care not to say, however, that the particle is 
living and we had better be reserved in this 
respect. 

The displacements of a particle agitated by the 
Brownian movement do not appear, in fact, to 
follow any law, in the sense that it is not possible 
to deduce the future motion from the actual motion 
of the particle. It is said that this motion is not 
co-ordinated ; it appears to be governed only by 
the unknown caprice of thermal agitation, and 
Carnot’s principle is only applicable to it with 
certain reservations. Nevertheless, we do not say, 
therefore, that the particle is living. In fact, 
though the motion of the particle does not appear 
at first sight to be less capricious than that of a 
bacillus which is observed under the microscope, yet 
it does not necessarily possess any of the other 
properties which characterize living matter (the 
differentiation of its parts, birth, growth, exchanges 
with the surrounding medium, reproduction, death, 
and so on). On the contrary, the motion of the 
particle persists indefinitely ^ so long as the condi- 
tions of the fluid in which it is placed remain the 
same and provided that there are no chemical 
exchanges between it and the liquid ; in particular, 
it is observed in the liquid inclusions of certain 
natural crystals which have probably existed for 
several centuries. 
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Further, although the Brownian movement may 
be capricious, it obeys, nevertheless, certain collec- 
tive laws. If a very large number of particles in 
suspension are considered instead of a single particle, 
it is found that the mean displacement of these 
particles is indeed governed by Carnot’s principle, 
and that the physico-chemical laws of diffusion 
can therefore be again obtained. 

But the fact that the Brownian movement is 
subject to statistical laws is not sufficient to distin- 
guish it from the motion of living beings. 

For example, let us consider a large number of 
bacteria, all having a similar structure, the same 
mode of nutrition, and of reproduction, and moving 
approximately in a horizontal plane of liquid cor- 
responding to the hydrostatic pressure which suits 
them. If we suppose, as it is not absurd to suppose, 
that the surface explored on the average by a bacillus 
around the position which it occupies is proportional 
to the time, we shall again obtain exactly the 
statistical law of the Brownian displacement.^ A 
particular statistical law can have various origins ; 
we shall return to this point in our third part. 
Moreover, do not insurance companies establish 
statistical laws of mortality at various ages, statis- 
tical laws on the number of suicides, and so on, 
in spite of the complexity of the causes of death ? 
And, as Poincare has said, these laws are approxi- 
mately true, since the companies pay dividends. 


' We have, the surface Trr* = At^ whence r is propor- 
tional to the square root of U 
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Only a very rare kind of fluctuation would ruin 
the companies. 

In conclusion, whether it be on account of the 
extreme heterogeneity of living matter, which is 
favourable to the appearance of fluctuations, or 
whether it be on account of the possibility, which 
has been experimentally demonstrated, of the 
existence of certain singular points at which fluc- 
tuations may be exceptionally important, it is not 
at all absurd to suppose that vital physico-chemical 
evolution at least partially escapes from Carnot’s 
principle and from its consequences. But when 
it is stated that the caprice of fluctuations may 
exercise some effect on cellular evolution, that does 
not mean that this evolution is not subject to any 
law. It only means that the lavjs of this evolution 
are no longer necessarily exact statistical laws as are 
those of our physical chemistry.^ 

^ The importance which fluctuations must assume in 
the interior of a medium which is extremely differentiated 
strictly permits the consideration of the appearance of 
life, or even that of hereditary mutations, as the result 
of very rare fluctuations occurring in the very complex 
albuminous substances. On account of this complexity 
there is a prodigious number of different possibilities of 
action between these substances and the surrounding 
medium. 

Our inability to act on the “ individual ” fluctuations 
thus affords a sufficient explanation of our inability to 
create life from inanimate matter or to produce hereditary 
mutations. On the other hand, the very rarity of the 
vital fluctuation justifies the impossibility which we 
10 
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Moreover, the question of the determinism or the 
non-determinism of this evolution is not at all 
decided, of course, by the importance which fluc- 
tuations may assume in living matter ; it is only 
transferred into the domain, which is very slightly 
known experimentally as yet, of the individual 
actions between molecules, atoms, or electrons. 

3. The meaning of physico-chemical laws 

What has just been said about statistical laws 
and about the possibility of fluctuations, particu- 
larly in very heterogeneous media, will allow us 
to show more exactly, by means of an example, 
the meaning that the new conception of Carnot’s 
principle appears to us to give to our physico- 
chemical laws. 

In the flrst place, let us adopt the purely deter- 
minist point of view, although we should be more 
cautious than ever on this fundamental question 
for the very reason of the new conceptions. For 
example, let us consider the first 10,000 logarithms 
in mathematical tables to ten decimals, and let us 
compile statistics of the frequency of the various 
figures which occupy the seventh place. It is found 

experience of witnessing spontaneous generation, however 
assiduous our observations may be. 

But even if it be supposed that by such considerations 
we can arrive at an explanation of the genesis of life, this 
would still be only a slight lifting of the veil. After the 
appearance of life we have still to explain why this evolu- 
tion continues, and many other mysteries even to enumerate 
which would occupy too long. 
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that the figure 0 appears 990 times ; the figure one, 
997 times ; the two, 993 times ; the four, 1,012 times. 
The law of the appearance of any one of the figures 
is thus relatively very simple. The relative fre- 
quency of each of the figures is very nearly jV- 
Similarly, the relative frequency of the appearance 
of even digits is approximately 

In this case there are very simple statistical laws 
which may be compared to the very exact physico- 
chemical laws which are observed in the inorganic 
world. 

Let us now take the same logarithms in successive 
blocks of only one thousand, and compile the same 
statistics. The exactness of the statistical law is 
obscured; fluctuations appear, as they probably 
appear when the complexity of the media and their 
heterogeneity become very great, which seems to 
be the case in living matter. 

1 We say approximately J. In a remarkable investi- 
gation, Professor Franel, of Zurich, has shown, in fact, that 
the limit towards which the proportion of the even digits 

in the nth decimal place tends is — when the 

iotV+i 

number of logarithms considered increases indefinitely in 
powers of ten. The statistical law is therefore not so 
simple as it appears at first sight (Naturforschende Geaell- 
schaft, Zurich, 1917). 

It is more than probable that the apparent simplicity 
of our physico-chemical laws to a large extent results from 
the imperfection of our means of observation, and that 
this simplicity should be subject to reservations of the 
same type. 
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Finally, let us consider the statistics for blocks 
of one hundred logarithms only. The laws of the 
appearance of the various digits are then entirely 
different and much less simple than those which 
result from our first statistics. 

For example, here are the frequencies of appear- 
ances for the series comprising the first hundred 
logarithms : zero, 20 ; one, 2 ; two, 14 ; three, 6 ; 
four, 3; five, 8; six, 11; seven, 6; eight, 12; 
nine, 18. 

In short, we can see that behind the exact statis- 
tical laws, behind the incoherence of their fluctua- 
tions, there are individual laws. In the example 
which we have chosen there is the perfectly definite 
relation which connects the seventh decimal place 
of the logarithm of a number to the number itself. 

4. May we hope to pass from the statistical laws 
of physical chemistry to the laws of the indi- 
vidual actions between molecules ? 

P. Langevin has asked this question and has 
discussed it ^ from the physicist’s point of view, 
as he should. Moreover, for this he relied on his 
own researches, which, as is well known, have 
thrown new and particularly brilliant light on the 
question of the paramagnetism of gases. 

Langevin considers a system possessing a con- 
stant energy and introduces the following assump- 

^ La physique du discontinu. Lecture delivered to La 
Soci6t6 Frangaise de Physique. Lea progrea de la phy- 
aique moleculmre. Gauthier- Villars. 
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tions : the system contains a very large number of 
molecules ; all these molecules have an identical 
structure ; a statistical equilibrium is established 
between, on the one hand, the action of an external 
magnetic field which tends to orient all the mole- 
cules in the same direction, and, on the other hand, 
the action of the thermal agitation, of the precise 
laws of which we are ignorant ; finally, this action 
of thermal agitation is sufficiently complex to tend 
to produce all possible orientations. 

Starting from these hypotheses, Langevin has 
been able to calculate what should be the magnetic 
moment of one molecule in order that the experi- 
mental laws of the paramagnetism of gases may be 
satisfied. 

Thus he deduces from the observation of a statis- 
tical experimental law an individual property of 
the molecule, its magnetic moment. 

In reasoning thus, Langevin, as all physicists 
should, has set himself the task of explaining in 
the simplest manner, and only by the conceptions 
of number, space, time, and matter, the experi- 
mental law of the paramagnetism of gases. 

But the philosopher is less restricted. 

It is not certain, he will say, that the assump- 
tions introduced are the only ones compatible with 
the experimental law observed. Perhaps it might 
be possible to arrive at the same result, in a less 
simple manner, by supposing that some of the 
molecules have a greater and some a less magnetic 
moment than the average, and so on. He is en- 
titled to ask whether essentially different individual 
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laws cannot lead to the same physico-chemical 
statistical law. 

We have seen that by compiling statistics of the 
figures which occupy the seventh decimal place in 
the logarithm of a number, we obtain a very simple 
statistical law, and that this law had its origin in 
the perfectly definite relation between the seventh 
decimal place of the logarithm of a number and the 
number itself. But this same statistical law would 
have been obtainable from totally different considera- 
tions, for example, by supposing that the digits had 
been drawn by chance from an urn which contained 
an equal number of all of them, and so on. 

Also, to the degree of precision with which we 
can appreciate the result, it is immaterial whether 
the figures were drawn at hazard by Tom, Dick, 
or Harry. In a word, a statistical law can have 
numerous origins. 

In conclusion, it will be seen from the foregoing 
considerations that the individual laws may be much 
less simple than the statistical manifestations to 
which they give rise. 

On the determinist hypothesis these laws would 
correspond to the individual actions which mole- 
cules, atoms, or electrons exert on each other. 

But it is not at all certain that these individual 
laws which give rise to the statistical manifestations 
of our physical chemistry are not essentially more 
general ; there may be something else inherent in 
them besides the conceptions of number, space, 
time, and matter which are sufficient for our physico- 
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chemical explanations. If this point of view be 
adopted, the essential differences which exist be- 
tween the phenomena of life and thought, on the 
one hand, and the relatively simple statistical laws 
of physics and chemistry, on the other, are less 
surprising. 

5. Conclusions from the second part 

If we consider the problem from the point of 
view of classical thermodynamics, that is to say, 
if we regard Carnot’s principle as an absolute 
principle, we find no scientific reason for supposing 
that this principle is not applicable to the physico- 
chemical evolution of living organisms. 

But since the researches of Gibbs and Boltzmann, 
Carnot’s principle has received a less absolute inter- 
pretation ; it is considered as a statistical principle 
which allows us to remain in ignorance of the laws 
governing the individual actions between atoms, 
molecules, and electrons. 

In addition to those laws of physico-chemical 
evolution which arise from Carnot’s principle, and 
which only express the most probable evolutions, 
there is room, in certain particular cases, for other 
very rare possibilities, namely, fluctuations. 

In general, the relative importance of these 
fluctuations becomes greater as the number of mole- 
cules contained in the homogeneous element of 
volume considered becomes smaller. Further, they 
may become exceptionally important at certain 
particular points in the physico-chemical evolution 
of a system. 
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Now the fine structure of living matter, which 
can be conceived to be formed by the juxtaposition 
of very small homogeneous elements, seems to be 
partic^arly favourable to the appearance of fluctua- 
tions. Thus we are led to believe that the caprice 
of fluctuations may very well have some effect on 
cellular physico-chemical evolution, and even on the 
development of living beings, if these are considered 
as the result of cellular proliferation. 

The physical chemistry of living beings, which is 
usually termed physiology, can therefore be con- 
sidered, from this point of view, as a more general 
physical chemistry than our physical chemistry in 
vitro ; in the sense that when it is applied to ex- 
tremely differentiated media the statistical fluctua- 
tions are no longer entirely negligible ; they derange 
the simplicity and the exactness of our physico- 
chemical laws. 

It is remarkable that Helmholtz should have 
attributed the possibility of a contradiction to 
Carnot’s principle to the fine structure of the living 
tissues at a time when there was no question of 
fluctuations. After some considerations of the 
motion of heat, and after having recalled that 
the magnitude of the entropy could be regarded 
as a measure of the disorder, he expressed himself 
as follows : ‘‘ For us, whose methods are coarse 
with respect to the molecular edifice, only the co- 
ordinated motion is freely transformable into other 
forms of energy.” And he added as a note ; 

Whether such a transformation is also impossible 
in the fine structure of living organic tissues appears 
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to me to be an open question, the importance of 
which in the economy of nature is obvious.” 

It seems that Helmholtz’s question is beginning 
to be answered by fluctuations. i 


THIRD PART 

THE PHILOSOPHICAL ASPECT OF THE STATIS- 
TICAL CONCEPTION OF CARNOT’S PRINCIPLE 

In closing this investigation, we think that a 
few words on the philosophical aspect of the new 
conception of Carnot’s principle will not be out of 
place. 


1, Determinism or indeterminism ? 

Hitherto, the somewhat inevitable finality of the 
experimental laws of physics and chemistry has 
constituted the fundamental argument or even the 
origin and the raison d'etre of the determinist 
philosophies. 

To-day, the new conception of Carnot’s principle 
teaches us that this finality is not absolute, that the 
determinism of the laws of physics and chemistry 
is a larger statistical determinism. Without decid- 
ing the question, therefore, it removes the battle- 
ground of the philosophical contests between the 
determinists and the non-determinists into a region 
which is almost completely beyond our experi- 

^ See the SujypUmerUary Note, page 172. 
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mental control, namely, that of the individual 
actions between molecules, atoms, and electrons. 
Furthermore, it shows us that this marvellous pre- 
cision of the laws of physics and chemistry is only 
a consequence of what is often called the law 
of large numbers, applied to individual actions, 
which may be very complex but the effects of which 
partially compensate each other when they are very 
numerous, in such a way as to give the resultant 
effect a relative simplicity. 

But if media which possess a sufficiently fine 
structure, as is apparently the case with living 
matter, are considered, the law of large numbers 
can no longer apply to each of their constituent 
parts. It can no longer exercise on the resultant 
effect this compensating and simplifying action 
which gives the laws of our physical chemistry their 
apparent simplicity. 

The precision of these laws, therefore, must begin 
to be disturbed and fluctuations will appear. 
Finally, when the structure is sufficiently tenu- 
ous, the true individual laws which are no longer 
necessarily simple, but which may be even more 
essentially general than the statistical physico- 
chemical manifestations to which they give rise, 
will emerge. 

In living matter, therefore, the pseudo-finality of 
physico-chemical evolution will be capable of modi- 
fication, sometimes in a direction which at the 
present time we are not able to predict on account 
of our ignorance of the intimate nature of these 
laws and of their hidden individual causes. 
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In short, behind the exact statistical manifesta- 
tions which are the experimental laws of our physical 
chemistry, laws at which we have arrived first by 
very reason of their relative simplicity, behind the 
caprice of their fluctuations, are concealed individual 
laws or the true causes whence these manifestations 
are derived and whence also seem to proceed life 
and thought. 

If this last point of view be adopted, Carnot’s 
principle may serve as the basis of a philosophic 
doctrine, which, without at all prejudging the 
question of determinism, will nevertheless take its 
place among the unicist philosophies. We shall 
shortly try to outline this philosophy, but before 
doing so it is necessary to say a few words on the 
following question. 

2. Chance or Finalism? 

Some people have desired to consider chance as 
the ultimate cause of all evolution, both of the 
inanimate world and of the organized world of living 
matter. It has been said that the appearance of 
living matter is due to the chance of molecular 
collisions, chance presides at its birth, at its evolu- 
tion, and at its destruction ; “ His Majesty Chance,” 
as Frederick II called it when he spoke of its inter- 
vention in the fate of battles, asserts itself always 
and everywhere. 

But the word ” Chance ” has such diverse usages 
that it is here necessary to define the meaning which 
is given to it in physico-chemical evolution, by a 
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few examples. The modern conception of Carnot’s 
principle appears to us to introduce a new element 
into this important question. 

(1) When we have a grey powder composed of 
grains, some coloured black and some white, it is 
possible, at least theoretically, to separate them into 
grains of two colours by shaking them. But it is 
commonly said to be ‘‘the greatest of chances” 
if this separation is produced by simple agitation ; 
it would be an extraordinary chance if, after shaking, 
all the white grains were to be found in the upper 
part of the receptacle and all the black grains in 
the lower part. 

In the language of the calculus of probabilities, 
the fact is stated by saying that the separation 
of the white and black grains, by agitation, corres- 
ponds to a very rare type of fluctuation. 

Similarly, in a uniform mixture of two gases, it 
would be an extraordinary chance if at a given 
moment, and solely by the action of thermal agita- 
tion, all the molecules of one gas were at the right 
of the receptacle and all those of the other gas 
were at the left. In reality, this configuration might 
perhaps be neither more nor less probable than any 
other predetermined configuration, but it would 
confer on the system properties different from those 
which are possessed by configurations which are 
infinitely more numerous, corresponding to what 
we call an approximately uniform mixture. For 
example, the fluctuation which results in all the 
white grains being in the upper part and all the black 
grains in the lower part of the receptacle produces 
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a different impression on our eyes from that which 
is produced by the innumerable configurations which 
correspond to the grey powder. But these different 
properties permit us to distinguish these fluctua- 
tions ; they authorize us to consider them sometimes 
as the result of what we have called an extraordinary 
chance. 

Let us consider now a uniform mixture of the 
gases COi, HjO, N*, and some other elements, which 
are the constituents of living matter. Let us sup- 
pose this mixture to be first of all sterilized by a 
high temperature and then subjected — ^for example, 
through a quartz window which transmits the ultra- 
violet rays — to the action of the light from the sun, 
not for a few days or years, but for an immense num- 
ber of centuries. We should be able to assume then 
that all the dissociations, combinations, and associa- 
tions of atoms, molecules, and electrons which can 
be produced by the action of light and thermal 
agitation, in a word, all the effects which are possible, 
will be realized in the course of the ages. 

Thus a molecular association corresponding to the 
physico-chemical constitution of living matter would 
be produced at some place in the volume. 

From this hypothesis the appearance of life would 
be due, therefore, to a fluctuation of a very rare type ; 
that is to say to what we commonly call an extra- 
ordinary chance. 

Let us observe, however, that if we are allowed 
to make this assumption, it is because we know 
next to nothing concerning the passage from non- 
living matter to living matter. All that we know 
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definitely is that, on the one hand, we have never 
been able to produce it in our reactions in vitro, 
and on the other hand, that we have never been 
witnesses and spectators of such a transformation ; 
these are two conditions compatible with the hypo- 
thesis of a “ very rare ” fluctuation. 

But if, rigorously and for the reasons just given, 
we can compare life to a very rare fluctuation, 
this is no longer the case if we endeavour to explain 
the physico-chemical evolution in the interior of a 
living organism. 

In fact, when the task of constructing a predeter- 
mined edifice is committed to an extraordinary 
chance, this singular constructor, who in general is 
never in a hurry, must be given time to build 
numerous unfruitful configurations until the desired 
configuration emerges. 

But this lost time is not observed in the physico- 
chemical evolution of an organism. We may 
conceive that the chance of molecular collisions 
might once have constructed an optical instrument 
in the interior of a living being, ^ but it is more diffi- 
cult to suppose this to be done at the first attempt, 
not only in the organism considered, but again in 
all the living beings which constitute its progeny. 

Thus the success of the construction cannot be 

^ We have chosen the construction of an eye in the 
interior of a living organism as an example of vital physico- 
chemical evolution because this example is particularly 
calculated to appeal to a physicist ; but numerous examples 
are to be found in biology in which the real or apparent 
finalism of vital evolution is equally manifest. 
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attributed to an uninterrupted series of extra- 
ordinary chances ; to some extent that would in- 
volve at each instant a miracle analogous to that 
which M. Emile Borel, in his book on chance, calls 
“the miracle of the typewriting monkeys.’’ ^ We 
must therefore discard immediately such an im- 
probable hypothesis. 

(2) But though vital evolution cannot be con- 
sidered as an uninterrupted series of extraordinary 
chances, nevertheless it can be considered as a con- 
sequence of what may be called the laws of chance. 

In order to define more clearly the meaning which 
must be attributed to this term let us return to 
Carnot’s principle, and, contrary to the conclusion 
reached in our second part, let us for a moment 
admit this principle without any reservations, that 
is, let us neglect the fluctuations in both the organized 
world of living matter and in the inanimate world. 
It follows that at each instant of the vital evolution, 
this evolution will proceed towards the most probable 
of all possible disorders. (See second part.) 

But then it becomes necessary to suppose that 
at each instant there are new possibilities which 
are to some extent dependent on the actual state 
and which determine the most probable immediate 

^ Let us suppose, says M. Borel in so many words, that 
we have set a million monkeys to hit the keys of a million 
typewriters. How many thousand million centuries would 
have to elapse in order that, if the manuscripts were 
collected periodically, it would be found that this blind 
activity had produced exactly all the volumes which 
actually exist in the library of the British Museum ? 
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evolution and so on. Otherwise, as has been said, 
in order to explain this evolution which is always 
going on we should have to assume a miracle 
analogous to the miracle of the typewriting monkeys. 

But these new possibilities which are dependent 
on the actual state are essentially only a disguised 
finalism. For instance, in the example which we 
have chosen, why should these possibilities, which 
characterize each actual state, be always such that 
the most probable evolution proceeds exactly in the 
direction of the continuation of the construction of 
the optical instrument ? The finalism which was 
thought to have left by the door has actually come 
back through the window. It has been gratuitously 
reintroduced in the conditions which determine, at 
each instant, the new possibilities of evolution. 

(3) Finally, if the point of view developed in our 
second part be adopted ; if the statistical principle 
of Carnot is not absolute, on account of the extreme 
division of living matter, we shall still be confronted 
with the same question. How is it that the vital 
physico-chemical evolution towards the most prob- 
able states, this time profoundly altered by the 
importance which is assumed by fluctuations — ^how 
is it that this evolution always proceeds in the 
direction of the continuation of the construction of 
the optical instrument ? 

Thus it is apparent that the invocation of the 
laws of chance is not sufficient to banish all finalism 
from the vital evolution. On the contrary, it seems 
that it must be given a certain place, in one form 
or another, whether it be called finalism, tendency, 
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vital spark, soul, principal organizer, or anything 
else. 

Now this element which, rather vaguely, has here 
been called finalism, has been introduced in various 
ways by philosophies and religions. 

Some of them, the dualist philosophies, consider 
it to be an element in some , way exterior to what 
we have called matter. Confronted with the diffi- 
culty of conciliating the determinist laws of the 
ordinary physico-chemical evolution with the mani- 
festations of life and conscious thought, their 
exponents have preferred to divide the problem 
into two. 

The statistical conception of Carnot’s principle 
also permits such a subdivision. In fact, it is 
possible to conceive the laws between molecules, 
atoms, and electrons as being perfectly definite, 
but to assume the intervention in living organisms 
of a kind of Maxwell’s demon which is to some extent 
capable of directing their course. This hypothesis 
has already been mentioned in our second part. 

Other philosophies, monist or unicist philosophies, 
remember above all the experimental fact that life 
and thought are always associated with what is 
usually called matter ; they endeavour, therefore, 
to get back to a unique explanation of everything. 
But then, not being able to deny the determinism 
of physical and chemical laws, they voluntarily 
extend this determinism to all the phenomena which 
accompany life. 

The new conception of Carnot’s principle also 
allows a unicist philosophy ; but this conception is 
11 
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larger. It is no longer necessarily determinist since 
it is able to localize the origin of life and conscious 
thought in the individual actions between mole- 
cules, atoms, or electrons ; the determinism of 
physics and chemistry only being a statistical 
determinism, the accuracy of which is only due to 
the law of large numbers. 

In conclusion we shall consider the question from 
this last point of view, which appears to us to call 
for further explanation. 


3. Outline of a unicist 'philosophy based on 
Carnot's principle 

According to the principle of relativity, what are 
called the constituent elements of matter (molecules, 
atoms, electrons) are only energies, of the intimate 
nature of which we know nothing. These elemen- 
tary energies are of different kinds, to the number 
of about 80, the atoms of simple substances. But 
the recent discoveries of radioactivity and of iso- 
topes, and modern researches on X-rays, tend to 
reduce the number of these elementary energies to 
two : the negative electron and the positive electron. 
By suitable groupings of these energies, not only 
do they give rise to what we call physico-chemical 
phenomena but also to the manifestations of life 
and thought which sometimes accompany them. 
Thus it appears natural to assume that these energies 
cannot be defined entirely by the conceptions of 
number, space, time, and matter which suffice for 
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our physico-chemical explanations ; they must in- 
herently involve some other conception. 

We say that these elementary energies attract or 
repel one another, or, if we prefer to use a more 
finalist language, they seek each other or fly from 
each other in such a way as to build up structures 
possessing certain characteristics of dissymmetry 
which permit them to act on the chaos of unorganized 
energies and to realize thus the possibilities which 
are inherent in them. As Curie has remarked, a 
phenomenon can only occur or even be propagated 
if a dissymmetry exists. We shall suppose, there- 
fore, that the first tendency of these energies is to 
create dissymmetrical structures which confer on 
them the power of acting on the medium which 
surrounds them. 

But in the forefront of the energies most suited 
to the formation of these powerful dissymmetrical 
structures are those we call the atoms of carbon 
(tetravalent) and nitrogen (trivalent) associated with 
atoms of hydrogen and oxygen ; all of these are 
elements which are extremely numerous on the 
surface of our earth. These associations thus form 
the principal basis of the albuminous substances, 
which are well known to be remarkable for their 
extreme complexity. On account of this very com- 
plexity, therefore, they can produce an almost 
infinite variety ^ of phenomena, and thus realize 
the possibilities which are inherent in them. 

^ By means of the laws of permutations an approximate 
idea can be formed of the prodigious way in which the 
possibilities of isomers increase when the number of atoms 
11 * 
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With the help of Carnot’s principle, let us now 
try to define what distinguishes, schematically, a 
physico-chemical phenomenon from a vital pheno- 
menon, although on a unicist theory these two 
phenomena are always more or less associated with 
each other.i 

Let us consider a medium of definite extent which 
we shall suppose to be homogeneous and isotropic. 
For example, a sphere of oil in suspension in a 
mixture of water and alcohol of the same density. 
We shall suppose that this sphere is screened from 
all exterior dissymmetrical forces capable of altering 
its homogeneity or its isotropy in an appreciable 
manner. 

Under these conditions the statistical resultant of 
the interior forces will be negligible^ for reasons of 
symmetry, at every point in the inside of the sphere 

in the molecule is increased. If the albumen molecule 
contains, for example, a thousand atoms and if these 
atoms could arrange themselves in the course of ages in 
all possible ways, which is not at all certain, they would 
give rise to 1 x 2 x 3 . . . x 1,000 = 1,000 ! permuta- 
tions. It is useless to try to represent such a number. 
It is sufficient to recall that a hostess can arrange twenty 
diners round a table in more than two million million 
million different ways. What would it be if it were neces- 
sary to place one thousand ? It is true, however, that 
these innumerable isomers would not all constitute varieties 
of albumen. Stereochemistry shows that beyond doubt 
many would be stereochemically equivalent. Neverthe- 
less, in spite of these restrictions, there is still a very large 
margin of possibilities. 

^ We do not think that this has been done accxirately 
hitherto. 
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which is not very near to the surface ; these forces, 
therefore, can only give rise to a symmetrical internal 
pressure, and this is exactly what is observed in 
homogeneous fluids. 

On the contrary, at the surface of separation of 
the sphere the dissymmetry will give rise to forces. 
If the element of surface considered, though small, 
nevertheless contains a very large number of mole- 
cules, these forces can be considered as statistical 
surface forces. They are called, therefore, surface 
tensions, contact electromotive forces resulting from 
double layers, and so on. 

These forces which are due to dissymmetry at 
the surface of separation of two different media are 
essentially those which must be considered as the 
true causes of the production of the physico-chemical 
phenomena which we study in the inanimate world. 
In the ultimate analysis these are the forces which, 
in conjunction with the mysterious weightiness 
(gravitational field), form the origin of physico- 
chemical evolution in conformity with Carnot’s 
principle. 

Let us take the preceding example and let us 
suppose that the sphere of oil, instead of being in 
equilibrium in a liquid mass which acts symmetri- 
cally on it at every point, is situated at the surface 
of the water. The resultant of the statistical 
interior forces will remain practically nil at every 
point inside the sphere, but the surface statistical 
actions will have an action on account of the dissym- 
metry created. The oil, under the action of the 
surface tension, will spread over the surface of the 
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water, liberating energy. In short, everything will 
take place according to the ordinary laws of our 
physical chemistry and in conformity with Carnot's 
principle, so long as the film of oil contains a large 
enough number of molecules per unit area for 
the statistical conception of surface tension to 
persist. 

This will also be the case for spheres of very small 
volume, since it is known that a micron cube still 
contains approximately thirty thousand million 
molecules. Matter may therefore be in a very finely 
divided state and yet obey Carnot’s principle. 

But suppose that this division is pushed to ex- 
tremes ; let us assume that the mass of the sphere, 
like that of a micelle, no longer contains more than 
a relatively small number of molecules ; fluctuations 
will appear both in the case of the interior actions 
and that of the surface actions. The statistical 
resultant of the interior forces will no longer neces- 
sarily be nil and the precision of the surface actions 
will also be altered by the fluctuations. 

At length, when the division is sufficiently fine, 
the intimate nature of the individual laws will 
become manifest. On our hypothesis it is then that 
life, with its phenomena of sensibility and conscious 
thought, can make its appearance in an appreciable 
manner.^ 

^ In this connection it is important to observe that 
life, in order to manifest itself to an appreciable extent, 
demands the co-operation of a very large number of free 
molecules ; in other words, the living matter, the proto- 
plasm, always contains liquids in abundance. Also, life 
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In conclusion, so long as the elementary energies 
constitute uniform fluid mixtures of sufficiently 
large volume, their individual powers of action will 
compensate and will practically neutralize each 
other ; life exists, but in the latent state, without 
the possibility of manifesting itself ; it is the 
internal statistical pressure in the midst of a 
homogeneous fluid, and only by a sufficiently fine 
differentiation and organization can these elemen- 
tary energies succeed in assuming all their power 

does not appear to have originated from the solid part of 
the earth’s surface ; on the contrary, paleontology teaches 
us that the first living organisms were born in the bosom 
of the oceans, those inexhaustible reservoirs of free mole- 
cules, and that it was not till later that they emigrated to 
the islands and continents. It is true that certain organ- 
isms can support a long drought with impunity, but the 
activity of their life is then as it were suspended ; if re- 
placed in a humid medium they can reassume life if the 
dissymmetrical structures which characterize life have not 
been destroyed. Similarly, when certain organisms (bac- 
teria, for example) are subjected to a low temperature, if 
this cooling has not produced dislocations and alterations 
of such a nature as to compromise their functioning, they 
reassume life when they are raised to a higher temperature. 
In particular such is the case with certain phosphorescent 
bacteria which, it is said, can survive xmharmed a week 
at the temperature of liquid hydrogen ( — 253°). 

On the contrary living matter is irrevocably destroyed 
by the energetic shaking up due to the thermal agitation 
which corresponds to a temperatiue of between 100° and 
200° C. On our hypothesis a relatively short time at such 
temperatures is sufficient to destroy the dissymmetries 
which give living matter its inherent power to act on the 
surrounding medium. 
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to act on the chaos of the non-organized energies 
which surround them. 

But in so far as this complication, this dissym- 
metry, increases, the power of action of living 
matter becomes greater. It then becomes easier for 
it to realize the possibilities which are inherent in 
it. Its finalism increasingly asserts itself ; it be- 
comes more manifest, and the curious phenomena 
of adaptation and of sensibility, which seem to be 
revealed like a hidden intelligence, are seen to 
appear more clearly. 

We can proceed still further with this outline, 
always, it is true, getting farther away from our 
starting-point, the statistical laws of physics and 
chemistry. What our outline will gain in extent 
it will lose in accuracy ; this is the inevitable law 
of all philosophical extrapolation. 

This dissymmetry, which creates its power, is 
felt by living matter to be very frail. It is un- 
ceasingly menaced and exposed to destruction by 
the chance of external forces and particularly by 
that terrible shaking up which is called thermal 
agitation, and which is the grand enemy of all 
dissymmetry. Also, the first care of living matter 
is to assure the continuity of its action in order 
to conserve the possibility of realizing itself more 
completely. With this object in view it creates 
most frequently, sheltered from exterior conditions, 
in the embryo or in the egg, a very dissymmetrical 
structure, similar to itself, but one which it does 
not put into contact with the exterior medium 
until its differentiation is sufficiently developed to 
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allow it to struggle successfully against the external 
forces which tend to destroy it. The maternal in- 
stinct sometimes even continues to protect it at 
its commencement of the struggle. At the same 
time physical and moral joy and suffering serve 
to direct the course of its evolution. 

But these energies which endeavour to realize 
themselves in living organisms also enter into con- 
flict with each other without delay. It is then that 
there arise for these organisms, at first in a more 
or less rudimentary form, the moral problems of 
good and evil, of egoism, of altruism, of solidarity 
and so on. 

On the other hand the continually renewed 
spectacle of the physical and moral sufferings which 
result from these conflicts and from the struggle 
against the chaos of non-organized energies, remains 
particularly perplexing. In order to explain them, 
philosophical and religious doctrines then make 
their appearance, at the same time endeavouring 
to guide the human ideal in conformity with what 
are otherwise very diverse tendencies. 

Of these tendencies we shall only consider two, 
because they are to some extent in opposition to 
each other. 

To the philosophers of India, struck by the 
eternal return of events, the appearance of life must 
be regarded as an unfortunate accident, the source 
of innumerable sufferings. It is therefore necessary 
to desire that eventually the chaos of statistical 
phenomena shall end by reabsorbing it ; life and 
conscience will then be annihilated in the nirrmna. 
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Such a philosophy can be considered as the expres- 
sion of the pessimism and the discouragement 
inherent in a civilization which is more or less 
crystallized and the evolution of which is actually 
paralysed. 

But a civilization in the process of evolution and 
of progress would be right in adopting a diame- 
trically opposite point of view and in supposing 
that in its evolution life will always succeed in 
producing superior organizations ; that these power- 
ful organisms will end by dominating completely 
the chaos of physico-chemical phenomena ; that 
they will perhaps succeed in vanquishing even 
death, which, from the point of view that we have 
adopted, is only the triumph of the chaos of non- 
organized energies over organized energies ; and 
that finally, guided by a superior morality, these 
organisms will ultimately attain happiness, the final 
goal towards which appear to be directed the more 
or less conscious or unconscious efforts of individuals 
or societies. 

But here we are very far from our starting-point, 
which can be summarized essentially as follows : 

The physico-chemical evolution governed by Carnot's 
principle is due to statistical actions^ but the cause 
and the origin of the organization of life and thought 
must be sought in individual actions. 

Such is the point of view which we have endea- 
voured to cause to emerge from the present ideas, 
without concealing from ourselves, however, the 
difficulties, the objections, which may arise in its 
development, and which arise moreover in all 
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philosophical doctrines. Nevertheless, we have per- 
sisted in outlining it in order to demonstrate, by 
means of an example, the powerful philosophical 
fertility of the new statistical conception of Carnot’s 
principle. 

We ask the reader to be good enough to pardon 
us for having sometimes carried him, perhaps in 
spite of himself, right into the realms of meta- 
physics. 
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SUPPLEMENTARY NOTE 

Tlie idea that Carnot’s principle might not be rigorously 
applicable to the physico-chemical functioning of living 
organisms is not at all new. We were under the impres- 
sion that H. Helmholtz was the first to propound it. 
{Die Thermodynamih chemischer VorgangCf aus Sitzungs- 
berichte der Akad. der Wissenschaften zu Berlin, r. 2, 
II, 1882. — Helmholtz Abhandlungen, II, p. 972.) 

Daniel Berthelot has been good enough to draw our 
attention to the fact that Sir William Thomson (Lord 
Kelvin) had previously advanced the same idea in the 
following form : “ It is impossible by means of inanimate ^ 
material agency to derive mechanical effect from any 
portion of matter by cooling it below the temperature of 
the coldest of surrounding objects.” (W. Thomson, Dyna- 
mical Theory of Heat, §12, 1862. — On a universal Tendency 
in Nature to the Dissipation of Mechanical Energy, Pro- 
ceedings of the Royal Society of Edinburgh, April 19, 
1852.) 

In this statement, which he considered as axiomatic. 
Sir W. Thomson was therefore already making reservations 
on the generalization of Carnot’s principle to the physico- 
chemical functioning of living organisms, thirty years 
before the remark of Helmholtz, which, it is true, was 
more explicit, involving the fine structure of the living 
tissues. 

The probable importance which fluctuations must assume 
in matter which is as heterogeneous as living matter, has 
appeared to us, whilst considering it, to endow this ques- 
tion with an entirely new interest, and to merit the develop- 
ments which have been given it in our third essay. 

^ The italics are ours. 
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Cloud and Silver, 6s. rut. A Boswell of 
Baghdad, and other Essays, 6s. net. 
‘Twixt Eagle and Dove, 6s. rut. The 
Phantom Journal, and other Essays 
AND Diversions, 6s. rut. Giving and 
Receiving, 6s. net. Luck of the Year, 
6s. net. Encounters and Diversions, 
6s. net. Specially Selected A Choice 
of Essays, 75. 6 d, net. Urbanities. Illus- 


trated by G. L. Stampa, 7$. 6d. net. 
You Know what People Are. 5s. rut. 
The Same Star : A Comedy in Three Acts. 
3s. 6d net. The British School ; An 
Anecdotal Guide to the British Painters 
and Paintings in the National Gallery, 6s. rut. 
Little Books on Great Masters, 5s. net 
each. Roving East and Roving West: 
5s. net. See also Dolls’ House (The Queen’s). 
Lynd (Robert). THE BLUE LION and 
Other Essays. Fcap. 8vo. 6s. rut. 

THE PEAL OF BELLS. Fcap. 8vo. 6s. net. 
Masefield (John). ON THE SPANISH 
MAIN. Third Edition. Cr.Svo. 8s.6d.net. 
A SAILOR’S GARLAND. Third Edition. 
Fcap. 8vo. 6s. net. 

SEA LIFE IN NELSON’S TIME. Illus- 
trated. Second Edition. Cr. 8i;o. 5s. net. 
Meldrum (D. S.). REMBRANDT’S PAINT- 
INGS. Wide Royal 8vo. £3, 3s. net. 
Methuen (A.). AN ANTHOLOGY OF 
MODERN VERSE. With Introduction by 
Robert Lynd. Eighteenth Edition. Fcap. 
8vo. 6s. net. Thin paper, leather, ys. 6d. net. 
SHAKESPEARE TO HARDY: An An- 
thology op English Lyrics. With an Intro- 
duction by Robert Lynd. Third Edition. 
Fcap. 8vo, 6s. net. Leather, ys. 6d. net. 
McDougaU (William). AN INTRODUC- 
TION TO SOCIAL PSYCHOLOGY. 
Nineteenth Edition. Cr. 8vo. 8s. 6d. net. 
NATIONAL WELFARE AND NATIONAL 
DECAY. Cr. 8vo. 6s. net. 

AN OUTLINE OF PSYCHOLOGY. Second 
Edition. Demy 8vo. 12s. net. 

BODY AND MIND: A History and a 
Defsncx of Animism. Fifth Edition. 
Demy 8vo. 12s, 6d. net. 

ETHICS AND SOME MODERN WORLD 
PROBLEMS. Crown 8vo, ys. 6d. net. 
Maeterlinck (Maurice)— 

The Blue Bird : A Fairy Play in Six Acts. 
6s. rut. Also an edition illustrated by F. 
Cayley Robinson, los. 6d. rut. Mary 
Magdalene ; A Play in Three Acts, 5s. 
net. Death, 3s. 6d. rut. Our Eternity, 
6s. net. The Unknown Guest, 6s. rut. 
Poems, 5s. rut. The Wrack of the Storm, 
6s. rut. The Miracle of St. Anthony i 
A Play in One Act, 3s. 6d. net. The Bur- 
gomaster OF Stilemonde : A Play in 
Three Acts, 5s. net. The Betrothal ; or. 
The Blue Bird Chooses, 6s. net. Mountain 
Paths, 6s. net. The Story of Tyltyl, 
2 IS. rut. The Great Secret, ys. 6d. net. 
The Cloud that Lifted, and The Power 
OF THE Dead, ys. 6d. net. 

Hllne (A. A.)— * 

Not THAT IT Matters. If I May. Each 
Fcap. 8w. 6s. net. Also Uniform Edition. 
Fcap. Bvo. 3s. 6d. net each. When wk 
Were very Young. Illustrated by E. H. 
Shepard. Croum Bvo. ys. 6d. net. 
Rewman (Tom). HOW TO PLAY BIL- 
LIARDS. Illustrated. Cr. Bvo, 8s. 6d. 
net. 

BILLIARD DO’S AND DONT’S. Fcap. Bvo . 
2 S. 6 d , nek 
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Oman (Sir Charles). A HISTORY OF THE 
ART OF WAR IN THE MIDDLE AGES. 
A.D, 378-1485. Second Edition, Revised 
and enlarged. In two volumes. Illustrated. 
Demy 8t;o. 365. net. 

Oxenham (John)— 

Bees in Amber j A Little Book of 
Thoughtful Verse. Small Pott 8»o. j 
Stiff Boards, as. net. All’s Well ; I 
A Collection of War Poems. The King’s 
High Way. The Vision Splendid. 
The Fiery Cross. High Altars : The 
Record of a Visit to the Battlefields of 
Franco and Flanders. Hearts Coura- 
geous. All Clear 1 All Small Pott 
8t». Paper, is. ^d. net; cloth boards, as. 
net. Winds of the Dawn. as. net. 

Perry (W. J.)- 

The Origin op Magic and Religion. 
The Growth of Civilization. With Maps. 
Each Crown 8w>., 6s. neU The Children 
OF THE Sun : A Study in the Early 
History of Civilization. With Maps. 
Demy 8vo. i8s. net. 

Petrie (Sir FUnders). A HISTORY OF 
EGYPT. Illustrated. Six Volumes. Cr. 
8vo. Each 9s. net, 

VoL.* I. From the 1 st to the XVIth Dynasty. 

Eleventh Edition, Revised. (12s. net) 

VoL. II. The XVIIth and XVIIIth 

Dynasties. Seventh Edition, Revised. 

VoL. III. XIXth to XXXth Dynasties. 
Second Edition. 

VoL. IV. Egypt under thb Ptolemaic 
Dynasty. J. P. Mahafpy. Second Edition. 
VoL. V. Egypt under Roman Rule. J. G. 

Milne. Third Edition, Revised. 12s. net. 
VoL. VI. Egypt in the Middle Ages. 
Stanley Lane Poole. Third Edition. 
(los. net.) 

SYRIA AND EGYPT, FROM THE TELL 
EL AMARNA LETTERS. Cr. Bvo. 5s. net. 
EGYPTIAN TALES. Translated from the 
Papyri. First Series, rvth to xiith 
Dynasty. Illustrated, Third Edition. Cr, 
8vo. 5S. net. 

EGYPTIAN TALES. Translated from the 
Papyri. Second Series, xviiith to xixth 
D3masty. Illustrated. Third Edition. 
Cr. 8vo. ss. net. 

PolUtt (Arthur W.). THE ENJOYMENT OF 
MUSIC. Second Edition. Cr. 8vo. 5s. net. 
Ponsonby (Arthur). ENGLISH DIARIES. 

Second Edition. Demy 8vo. 21s. net. 
Power (Eileen). MEDIEVAL PEOPLE. 

Illustrated. Crown 8vo. 6s. net. 

Price (L. L.). A SHORT HISTORY OF 
POLITICAL ECONOMY IN ENGLAND 
FROM ADAM SMITH TO ARNOLD 
TOYNBEE. Twelfth Edition, Cr. 8vo. 
5s. net. 

Selous (Edmund)— 

Tommy Smith’s Animals. Tommy 
Smith’s Other Animals. Tommy Smith 
AT THE Zoo. Tommy Smith again at the 
Zoo. Each as. gd. Tommy Smith’s Birds, 
as. 6d. Jack’s Insects, 3s. 6d. Jack’s 
Otbir Insects, 3s. 6d. All Illustrated. 


Smith (Adam). THE WEALTH OP 
NATIONS. Edited by Edwin Cannan. 
Two Volumes. Third Edition. Demy 8vo, 
£1, ss. net. 

Smith (C. Fox). 

Sailor Town Days. Sea Songs and 
Ballads. A Book of Famous Ships. 
Ship Alley : More Sailor Town Days. 
All Illustrated. Cr. 8vo. 6s. net. each. 
The Return of “The Cutty Sark.” 
Illustrated. Fcap, 4/0. 3s. 6d. net. 
Sommerfeld (Arnold). ATOMIC STRUCTURE 
AND SPECTRAL LINES. Demy 8vo. 
32s. net. 

Stevenson (R. L.). THE LETTERS OP 
ROBERT LOUIS STEVENSON. Edited 
by Sir Sidney Colvin. A New Re- 
arranged Edition in four volumes. Fourth 
Edition. Fcap. 8vo. Each 6s. net, 

Surtees (R. 8.)— 

Handley Cross, 7s. 6d. net. Mr, 

Sponge’s Sporting Tour, js. 6d. net. 
Ask Mamma : or, The Richest Commoner 
in England, js. 6d. net. Jorrocks’s 
Jaunts and Jollities, 6s. net. Mr. 
Facey Romford’s Hounds, 7s. 6d. net. 
Hawbuck Grange : or. The Sporting 
Adventures of Thomas Scott, Esq., 6s. 
net. Plain or Ringlets ? 7s. 6d. net. 
Hillingdon Hall, 7s. 6d. net. 

TatcheU (Frank). THE HAPPY TRAVEL- 
LERi A Book for Poor Men. Fourth 
Edition. Cr. Svo. 7s. 6d. net. 

Thomson (J. Arthur). WHAT IS MAN ? 

Second Edition, Cr. Bvo. 6s. 6d. net. 
SCIENCE AND RELIGION. Crom Bvo. 

ys. 6d. net. 

Tllden (W. T.)— 

The Art of Lawn Tennis {Sixth Edition^. 
Singles and Doubles {Second Edition). 
Each' Illustrated. Crown Svo. 6s. net. 
The Common Sense of Lawn Tennis. 
Illustrated, Crown Svo. 5s. net. 

Tlleston (Mary W.). DAILY STRENGTH 
FOR DAILY NEEDS. Twenty-ninth 
Edition. Medium i6mo. 3s. 6d. net. 
UnderhlU (Evelyn). MYSTICISM. A 
Study in tne Nature and Development of 
Man’s Spiritual Consciousness. Tenth 
Edition. Demy Svo. 15s. net. 

THE LIFE OF THE SPIRIT AND THE 
LIFE OF TO-DAY. Fifth Edition. 
Cr. Svo. 7s. 6d. net. 

Vardon (Harry). HOW TO PLAY GOLF. 
Illustrated. Eighteenth Edition, Cr. Svo, 
5s. net, 

Waterhouse (Elizabeth). A LITTLE BOOK 
OF LIFE AND DEATH. Twenty-second 
Edition. Small Pott Bvo, 2S. 6d, 

net. 

Wegener (A.). THE ORIGIN OF CON- 
TINENTS AND OCEANS. Demy Bvo, 
105 . 6d. net, 

Wells (J.). A SHORT HISTORY OF 
ROME. Nineteenth Edition. With 3 Maps. 
Cf. Bvo. ss. 

WUde (Oscar). THE WORKS OF OSCAR 
WILDE. Fcap. Bvo, Each 6$, 6d, net. 



Messrs. Methuen’s Publications 


5 


I. Lord Arthur Savile’s Crime and 
THE Portrait of Mr. W. H. ii. The 
Duchess of Padua, hi. Poems, iv. 
Lady Windermere’s Fan. v. A Woman 
OF No Importance, vi. An Ideal Hus- 
band. VII. The Importance of Being 
Earnest, viii. A House of Pome- 
granates. IX. Intentions, x. Db Pro- 
PUNDis AND Prison Letters, xi. Es- 


says. Kii. Salom^ a Florentine 
Tragedy, and La Saints Courtisane. 
XIII. A Critic in Pall Mall. xiv. 
Selected Prose of Oscar Wilde. 
XV. Art and Decoration, xvi. For 
Love op the King : A Burmese Masque 

Yeats* { W.‘ B.). A BOOK OF IRISH VERSE, 
Fourth Edition. Cr. 6 vo. 7 $. net. 


Part II. — A Selection of Series 
The Antiquary’s Books 

Demy 8vo. los. 6d. net each volume. With Numerous Illustrations 


Ancient Painted Glass in England. 
Archaeology and False Antiquities. 
The Bells of England. The Brasses 
OF England. The Castles and 
Walled Towns of England. Church- 
wardens’ Accounts. The Domesday 
Inquest. English Church Furniture. 
English Monastic Life. English 
Seals. Folk-Lore as an Historical 
Science. The Guilds and Companies of 
London. The Hermits and Anchor- 
ites OF England. The Manor and 
Manorial Records. The Mkdl«val 


Hospitals of England. Old English 
Instruments of Musia Old English 
Libraries. Old Service Books of 
the English Church. Parish Life in 
MED iiSVAL England. The Parish 
Registers of England. Remains of 
the Prehistoric Age in England. 
The Roman Era in Britain. Romano- 
British Buildings and Earthworks. 
The Royal Forests of England. 
The Schools of MEDi^evAL England. 
Shrines of British Saints. 


The Arden Shakespeare 

General Editor, R. H, CASE 
Wide Demy 8vo, net each volume 

An edition of Shakespeare in Single Plays ; each edited with a full Intro* 
duction, Textual Notes, and a Commentary at the foot of the page. 


The Arden Shakespeare has now been completed by the publication of MUCH ADO 
\B0UT nothing. Edited by Grace R. Trknbry. 


Classics of Art 

Edited by Dr. J. H. W. LAING 
With numerous Illustrations. Wiis Royal 8w. 


The Art op the Greeks, sis. net. The Art 
OP the Romans, i6s. net. Chardin, 155. net. 
Donatello, i6s. net. Florentine Sculp- 
tors of the Renaissance, 2X5. net. George 
Romney, 155. net. Ghirlandaio, 15s. net. 
Lawrence, ass. net. Michelangelo, 2xs. 


net. Raphael, 15s. net. Rembrandt’s 
Paintings, 635. net. Rubens, 305. n^ 
Sandro Botticelli, 31s. 6 d. net. Tintor- 
etto, 165. net. Titian, ids. net. Turner’s 
Sketches and Drawings, 155. na . Velas- 
quez, 155. net. 


The "Complete” Series 
Fully Illustrated. Demy 8vo 


The Complete Airman, 169. net. The 
Complete Amateur Boxer, zos. 6i. net. 
The Complete Athletic Trainer, 105. Od . 
net. The Complete Billiard Player, 
Z05. 6 d. net. The Complete Cook, 10s. 6 d. 
net. The Complete Foxhunter, 165. net. 
The Complete Golfer, las. 6 d. net. 
The Complete Hockey Player, 10s. 6 d. 
net. The Complete Horseman, 155. 
net. The Complete Jujitsuan. (Cr. 8w.) 
5s. net. The Complete L.a>fn Tennis 


Player, 129. 6 d. net. The Complete 

Motorist, 105. 6 d. net. The Complete 
Mountaineer, xSs. net. The Complete 

Oarsman, 125. 6 d. net. The Complete 

Photographer, 125. 6 d. net. The Complete 
Rugby Footballer, on the New Zea- 
land System, xas. 6 i. net. The Com- 
plete Shot, 165. net. The Complete 

Swimmer, xos. 6 d. net. The Complete 
Yachtsman, 155. itai. 
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The Connoisseur’s Library 

With numerous Illustrations. Wide Royal Svo. £i, i is. 6d. net each volume 
English Coloured Books. Etchings. Ivories. Jewellery. Mezzotints. 
European Enamels. Fine Books. Miniatures. Porcelain. Seals, Wood 

Glass. Goldsmiths' and Silversmiths' Sculpture. 

Work. Illuminated Manuscripts. 

Health Series 

Fcap. Svo. 2 S. 6d. net each volume 

The Baby. The Care of the Body. The Long. The Prevention of the Common 

Care of the Teeth. The Eyes of our Cold. Staying the Plague. Throat 

Children. Health for the Middle- and Ear Troubles. Tuberculosis. The 

Aged. The Health of a Woman. The Health op the Child, 2s. net. 

Health of the Skin. How to Live 

The Library ol Devotion 

Handy Editions of the great Devotional Books, well edited 
With Introductions and (where necessary) Notes 
Small Pott Svo, cloth, 3s. net and 35. 6d. net 

Little Books on Art 

With many Illustrations. Demy i6mo. 5s. net each volume 
Each volume consists of about 200 pages, and contains from 30 to 40 
Illustrations, including a Frontispiece in Photogravure 

Albrecht DOrer. The Arts of Japan. and Boucher. Holbein. Illuminated 
Bookplates. Botticelli. Burne-Jones. Manuscripts. Jewellery. John Hopp- 
Cellini. Christ in Art. Claude. Con- her. Sir Joshua Reynolds. Millet. 

STABLE. Corot. Early English Water- Miniatures. Our Lady in Art. Raphael, 

Colour. Enamels. Frederic Leighton. Rodin. Turner. Vandyck, Watts. 
George Romney. Greek Art. Greuze 

The Little Guides 

With many Illustrations by E. H. New and other artists, and from 
photographs, Maps and Plans 
Small Pott Svo. 4s. net to 7s. 6i. net each 
Guides to the English and Welsh Counties, and some well-known districts. 
The main features of these Guides are (i) a handy and charming form ; 
(2) illustrations from photographs and by well-known artists ; (3) good 
plans and maps ; (4) an adequate but compact presentation of everything 
that is interesting in the natural features, history, archaeology, and archi- 
tecture of the town or district treated. 

Plays 

Fcap. ivo. 35. M. net each 

Milestones. Arnold Bennett and Edward The Great Adventure. Arnold Bennett. 

Knoblock. Eleventh Edition. Fifth Edition. 

An Ideal Husband. Oscar Wilde. Acting General Post. J. B. Harold Terry. 

Edition. Second Edition. 

Kismet. Edward Knoblock. Fourth Edition. The Honeymoon. Arnold Bennett Third 
The Ware Case. GeorRe PleydeU. Edition. 

The Sams Star. B. V. Lucas. 
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Sport Series 

Mostly illustrated. Fcap. Svo 


All About Flying, 3s. net. Alpinb 
Skmno at All Heights and Seasons, 
5^. net. Ski-ing for Beginners, 5s, 
net. Golf Do’s and Dont’s, 2s. net. 
Quick Cuts to Good Golf, 2S. net. 
Inspired Golf, 25. 6d. net. Driving, 
Approaching, Putting, 2S. net. Golf 
Clubs and How to Use Them, 2s. net. The 
Secret of Golf for Occasional Players, 
2S. net. The Golfing Swing, 2s. 6d. net. 
Golf Rules and Decisions. 3s. 6d. net. 
The Autobiography of a Caddy-bag, as. 6d. 
net. Lawn Tennis, as. 6d. net. Lawn Tennis 
Do’s AND Dont’s, as. W. net. Lawn Tennis 


FOR Young Players, 2S. 6d. net. Lawn 
Tennis for Club Players, as. 6d. net. 
Lawn Tennis for Match Players, as. 6d. 
net. Lawn Tennis for Public Courts 
Players, as. 6d. net. The Technique 
op Lawn Tennis, as. 6d. net. The Lawn 
Tennis Umpire and Referee, as. 6d. net. 
Hockey, 4s. net. How to Swim, as. net. 
Punting, 3s. 6d. net. Skating, 3s. net. 
Wrestling, as. net. Motor Do^s and 
Dont's, as. 6d. net. Mah Jong Do’s and 
Dont’s, as. net. Auction Bridge Do’s 
AND Dont’s. 3s. net. Billiard Do’s and 


Dont’s. as. 6d. net. 

Methuen’s Half-Crown Library 

Crown 8uo. 


Methuen’s Two-Shilling Library 

Fcap. Svo, 

Cheap Editions of Popular Books 
Write for Complete Lists 


Part III.— A Selection 

B«nnett (Arnold)— 

Clayhanger, 8s. net. Hilda Lessways. 
8s. 6d. net. These Twain. The Card. 
The Regent ; A Five Towns Story of 
Adventure in London. The Price of 
Love. Buried Alive. A Man from 
THE North. Whom God hath Joined. 
A Great Man : A Frolic. Mr. Prohack. 
All 7$. 6d. net. The Matador of the 
Five Towns, 6s. net. 

BlrmlnghEm (G«orge A.)— 

Spanish Gold. The Search Party. 
The Bad Times. Up, the Rebels ! The 
Lost Lawyer. The Great-Grandmother. 
I'ouND Money. All 7s. 6d. net. 

Inishekny, 8s. 6d. net. 

Bratidon (John G.) — ^THE BIG HEART. 

j hird Edition. Cr. 8vo. 3s. 6d. net. 
Burroughs (Edgtr Rica) — 

The Return of Tarzan, 6s. net. The 
Beasts op Tarzan, 6s. net. The Son of 
'1'arzam,6s. net. Jungle Talks or Tarzan, 
6s. net. Tarzan and the Jewels of Opar, 
6s. net. Tarzan the Untamed, 7s, 6d. net. 
Takzan and the Golden Lion, 3s. 6d. net. 
A Princess of Mars, 6s. net. The Gods 
OF Mars, 6s. net. The Warlord of 
Mars, 6s. net. Thuvia, Maid of Mars, 
6s. net. Tarzan the Terrible, as. 6d. net. 
The Mucker, 6s. net. The Man without 
A Soul, 6s. net. The Chessmen of Mars, 
7s. 6<f, net. At the Earth’s Core, 7s. 6d. 


OF Works of Fiction 

net. Trlwcioar, 7s. 6d.net, The Girl from 
Hollywood, 7s. 6d. net, 

ConrEd (Joseph)— 

A Set of Six, 7$. 6d. net. Victory ; An 
Island Tale. The Secret Agent : A 
Simple Tale. Under Western Eyes. 
Chance. All gs. net. Also Uniform 
Edition. Fcap. Svo. 3s. 6d. net each. 
Corelli (Mirli)— 

A Romance of Two Worlds, 7s. 6d. net. 
Vendetta : or. The Story of One For- 
gotten, 7s. 6d. net. Thelma : A Norwegian 
Princess, 7s. 6d. net. Ardath : The Story 
of a Dead Self, 75. 6d. net. The Soul of 
Lilith, 7s. 6d. net. Wormwood : A Drama 
of Paris, 7s. 6d. net. Barabbas ; A Dream of 
the World’s Tragedy, 7s. 6d. net. The Sor- 
rows OF Satan, 7s. 64, net. The Master- 
Christian, 7s. 6d. net. Temporal Power : 
A Study in Supremacy, 6s. net. God’s 
Good Man : A Simple Love Story, 75. 6d. 
net. Holy Orders : The Tragedy of a 
Quiet Life, 8s. 6d. net. The Mighty Atom, 
7$. 6d. net. Boy : A SketclL 7s. 6d. net. 
Cameos, 6s. net. The Life Everlasting. 
8s. 6d. net. The Love of Long Ago, and 
Other Stories, 7s. 6d. net. Innocent, 
7s. 6d. net. The Secret Power : A 
Romance of the Time, 6 s. net. Love — and 
THE Philosopher : A Study in Sentiment, 
6s. net. Also Uniform Edition. Crown 
Svo. 3s. 6d. net each. 
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Hlohens (Robert)— 

Felix ; Three Years in a Life, 7s. 6 d . nti . 
The Woman with the Fan, ys. 6d. net. 
The Garden of Allah, 8s. 6d. net. The 
Call of the Blood, 8s. 6d. net. The 
DwelleE on the Threshold, 7s- 64. 
net. The Way of Ambition, 7s. 64. net. 
In the Wilderness, 7 s. 64. net. After 
THE Verdict, 7 s. 64. Mt. 

Bope (Anthony)— 

A Change of Air. A Man of Mark. 
Simon Dale, The Kino’s Mirror. 
The Dolly Dialogues. Mrs. Maxon 
Protests. A Young Man’s Year. 
Beaumaroy Home from the Wars. 
All 7 s. 64. net. 

Jacobs (W. W.)— 

Many Cargoes, 5 s. net. Sea Urchins, 5 s. 
net and 3s. 64. net. A Master of Craft, 
6s. net. Light Freights, 6s. net. The 
Skipper’s Wooing, 5s. net. At Sun- 
wicH Port, 5s. net. Dialstone Lane, 
5s. net. Odd Craft, 5s. net. The Lady 
OF the Barge, 5s. mt. Salthaven, 6s. 
net. Sailors’ Knots, 5s, mt. Short 
Cruises, 6s. mt. 

Knox (R. A.)— 

Memories of the Future. 7 s. 64. mt. 
Sanctions j A Frivolity. 7s. 64. mt. 
London (Jack)— WHITE FANG. NimUenth 
Edition. Cr, Svo, 7 s. 64. net. 


Lucas (E. V.)— 

Listener’s Lure : An Oblique Narration, 
6 s. mt. Over Bemerton’s ; An Easy- 
going ChroRicle, 6s. net. Mr. Inglesidb, 
6 s. net. London Lavender, 6s. net. 
Landmarks, 6s. mt. The Vermilion 
B ox, 6 s. mt. Verena in the Midst, 
8s. 64. mt. Rose and Rose, 6s. mt. 
Genevra’s Money, 7 s. 64. mt. Advisory 
Ben, 7 $. 64. mt. 

McKenna (Stephen)— 

Sonia : Between Two Worlds, 8s. mt. 
Ninety-Six Hours’ Leave, 7s. 64. mt. 
The Sixth Sense, 6s. mt. Midas & Son, 
8s. mt. 


Halet (Lucas)— 

The History of Sir Richard Calmady ; 
A Romance. los, net. The Carissima. 
The Gateless Barrier. Deadham 
Hard. Colonel Enderby’s Wife, All 
ys. 64. net. The Wages of Sin. 8s. mt. 
Mason (A. B. W.). CLEMENTINA. 
Illustrated. Ninth Edition, ys. 64. net. 


Milne (A. A.)- 

The Day’s Play. The Holiday Round. 
Once a Week. All ys. 64. mt. The 
Sunny Side. 6s. net. Also Uniform Edi- 
tion. Fcap. Svo. 3 s. 64. net each. The 
Red House Mystery. 6s. mt. 

Ozenham (John)— 

The Quest of the Goldin Rose. Mary 
All-Alone. 7s. 64. mt. 

Parker (Gilbert)- 

The Translation of a Savage. When 
Valmond came to Pontiac : The Story of 
a Lost Napoleon. An Adventurer of the 
North : The Last Adventures of “ Pretty 
Pierre.” The Seats of the Mighty. The 
Battle of the Strong : A Romance of Two 
Kingdoms. The Trail of the Sword. 
Northern Lights. All ys. 64. mt. The 
Judgment House. 3 s. 64. net. 

Phlllpotts (Eden)— 

Children of the Mist. The River. 
The Human Boy and the War. All 
ys. 64. mt. 

Richmond (Grace S.)— • 

Foursquare. A Court of Inquiry. 
Rufus. All ys. 64. net. 

Rohmer (Sax)— 

The Golden Scorpion, ys. 64. net. The 
Devil Doctor. The Mystery of Dr. 
Fu-Manchu. The Yellow Claw. All 
3 s. 64. ml. 

Swlnnerton (F.). Shops and Houses. 
September. The Happy Family. On 
The Staircase. Coquette. The Chaste 
Wife. The Three Lovers. All ys. 64. 
mt. The Merry Heart. The Casement. 
The Young Idea, All 6s. mt. 

Wells (H. G.). BEALBY, Fourth Edition, 
Cr. Svo. ys. 64. mt. 

Williamson (Mn. C. 5.). NAME THE 
WOMAN. Crown Qvo. ys. 64, net. 

Williamson (C. H. and A. M.)— 

The Lightning Conductor : The Strange 
Adventures of a Motor-Car. Lady Betty 
ACROSS THE WATER. IX HAPPENED IN 

Egypt. The Shop Girl. My Friend 
THE Chauffeur. Set in Silver. The 
Great Pearl Secret. All ys. 64. net. 
Crucifix Corner. 6s. mt. 

Wodehouse (P. G.). BILL THE CON* 
QUEROR. Crown Svo. ys. 64. net. 


Methuen’s Hall-Crown Novels 

Crown Suo. 


Methuen's Two-Shilling Novels 

Fcap. Svo. 

Cheap Editions of many of the most Popular Novels of the day 
Writd /or Complete Lists 


1X24 







